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CLUSTERED CROSSOVERS FROM MALE DROSOPHILA 
RAISED ON FORMALDEHYDE MEDIA 


MAURICE WHITTINGHILL ann BONNY MORGAN LEWIS! 
Department of Zoology, University of North Carolina, Chapel Hill, N. C. 


Received January 16, 1961 


HE relation of mutagenesis to crossover induction is of special interest in the 

study of chromosomes. Crossover inducers among the physical mutagens 
include temperature extremes, X-rays, gamma rays and UV. Crossover induction 
has also been reported for several chemical mutagens: MnCl, and ethylene- 
diaminetetraacetic acid (EversoLe and Tatum 1956), dihydroxydimethyl 
peroxide (SopeLs and vAN STEENis 1957), formaldehyde injected into adult 
males (Sopets 1956), and nitrogen mustard, methyl-bis(b-chloroethyl) amine 
(WuiTTINGHILL 1948). It would be desirable to find a crossover inducer which 
is not mutagenic, but for the present our interest centers upon those substances 
and environmental conditions which have a dual effect, crossover induction and 
mutation. A preliminary report has been made by Lewis (1957). 

This study was undertaken (1) because the demonstration by AUERBACH 
(1956) of mutagenesis after formaldehyde treatment of larval Drosophila sug- 
gested that crossover induction might also be possible and (2) because any 
crossing over might occur early in gonial cells as in the experiments with a 
physical mutagen, gamma rays (WuHITTINGHILL 1951) or might be delayed until 


the usual time for crossing over, at meiosis. 


MATERIALS AND METHODS 


A crossover-selector system which screens for exchanges in the third chromo- 
some pair of Drosophila melanogaster was used (WuitTINGHILL 1950). 
Heterozygous males come from an incompletely balanced My Gl + +/+ + Sb 
Ubx stock in which homozygous marker flies die. The dominant genes My 
(Minute(3)y) and Gl (Glued) are closely linked in coupling phase, and in the 
other third chromosome Sb (Stubble) and Ubx (Ultrabithorax) are also closely 
coupled at 17 crossover units away from the Gi locus. The sensitive spindle 
attachment region lies between G/ and Sb. Such My Gl + +/+ + Sb Ubx males 
mated to My + Sb +/+ Gl + Ubx females (from an easily maintained “alter- 
nated” stock) have all of their noncrossover offspring killed by homozygosity for 
one or another of the four dominant markers. The many eggs which are cross- 
overs in the long G/-Sb interval also become zygotic lethals, and crossover eggs of 
rarer types give rise to adults among less than one percent of all eggs fertilized. 


1 Present address: Mrs. K. B. Lewis, Department of Human Genetics, Johns Hopkins Hospital. 
Baltimore 5, Md. 
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Yet 50 percent of crossover sperm will be + + + + and will give rise to adult 
offspring showing two markers from the mother, rarely one or three. Further 
details of this screening method have been published in WuirtrncHILy 1951, 
page 349. The genotypes of recovered adults may be confirmed by progeny test- 
ing. The presence of larvae attests to the fertility of a mating, because homozy- 
gous lethals such as My/My remain mobile for a week or more as first instars 
before they die. Hence large numbers of culture vials may be followed in a 
single experiment. 

The culture medium and treatment methods of AUERBACH and Moser (1953) 
were used. Concentrations of formaldehyde in the medium were 0.20 percent 
and 0.25 percent. First instar or second instar larvae, My Gl/Sb Ubx, were 
transferred to fresh control or formaldehyde medium at the proper age. The 
original culture plates received live yeast but the transfer bottles with or without 
formalin received none. 

On the day of their emergence, males from the treated and from the control 
cultures were coded and then mated individually to three virgin “alternated” 
females per vial for three days (Brood 1). Then the females were subcultured 
to add to Brood 1 data, and the males were remated to three more virgin females 
for six days (Brood 2). 


RESULTS AND DISCUSSION 


Among the controls one of 111 fertile (larvae-producing) males had a single 
Glued Stubble/++ offspring, evidently from a crossover + + + + sperm and 
a Gl Sb egg. It was possible to estimate the numbers of sperm tested by classify- 
ing 261 other adults, which constituted all the adult progeny from over 200 
cultures with live larvae. All came from the rarer types of crossover eggs, 
mostly Sb or Gil single crossovers and occasionally Ubx or M(3)y double cross- 
overs, and their genotypes were generously sampled by progeny testing. If their 
total occurrence is taken from standard map distances to be 0.45 percent, then 
an estimated 58,000 zygotes started development. The one crossover sperm indi- 
cated. with its unrecoverable complementary My Gl Sb Ubx chromosome, a 
frequency of .00003 spontaneous recombination. ParrERson and SucHE (1934) 
have reported one spontaneous crossover, suitably flanked by several recessive 
markers, among 8329 control flies. P. T. Ives (personal correspondence) also 
has encountered spontaneous crossovers from males. 

Among 150 tested males raised on formaldehyde food medium 15 flies had 
one or more crossover sperm as evidenced by the breeding test. The highest 
frequency of affected males was among those transferred as second instars to 
the 0.25 percent formaldehyde food, Series E & K, Table 1. In these two series 
crossover offspring were recovered in both the early and the later broods, a fact 
which indicated either a long delay of effect upon meiosis or an early effect upon 
gonia followed by rapid or slow progress toward and through gametogenesis. 

The recovery of several crossovers, constituting a “cluster”, from the same 
treated male is shown in Table 1 wherever there are parentheses. The sizes 
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TABLE 1 


Crossover-producing males following transfer of M(3)y Gl+ +/+ + Sb Ubx Drosophila larvae 
to medium containing low or zero concentrations of formaldehyde 








No. of males Summary: 
Larval HCOH No. No. with crossovers in Males with cross- 
instar concentration males males Brood 1: Brood 2: overs in any brood 
Series transferred Percent mated fertile 1-3 days 4-9 days No. Percent 
H.J.F.L {st,2nd 0 117 111 1 0 1 0.9 
G ist 0.20 27 23 0 0 0 0 
I ist 0.25 27 26 2(1,4)* 0 2 7.7 
A 2nd 0.20 +1 35 0 2(3,4) 2 Ff 
E 2nd 0.25 42 29 1 3(1,1,2) 
K 2nd 0.25 45 37 4(1,1,2,2) 3(1,9,19) 11 16.7 
Treated Series Totals 182 150 7 8 15 10.0 
* Parentheses enclose the number of similar crossover offspring (a ‘‘cluster’’) in single families. No cluster was dis- 
tributed over both broods in these experiments 


of the clusters were 19 in one culture, nine in another, four, three, and the 
minimum of two in several families. Such multiple recovery is remarkable 
because most of the treated males, 135 out of 150 bred, had no crossovers, and 
yet those 15 which did have any crossovers had a crossover cluster in eight of 
the 15 sets of progenies. This distribution is decidedly non-Poisson, and it has 
been attributed to variable gonial multiplication of the products of occasional 
crossing over after such exchanges had occurred as few as 15 times among the 
150 tested fathers. Contamination as a source of the observed bunches of cross- 
overs may be ruled out, first because early contamination by wild males would 
be expected to produce even larger batches of similar offspring, and secondly, 
because there was no source for later invasions of small numbers of the right 
phenotypes to be confused with the zygotes expected from the crossover-selector 
matings. Furthermore the experiments were performed in five different months 
with intervals between experiments, yet small or medium sized clusters occurred 
in all of the five treatment series except Series G. 

The customary expression of the result in terms of crossover frequency among 
gametes may be made, but such will be less accurate than for meiotic crossovers 
chiefly because of the easy variation in the size of a cluster of crossover sperm 
but also because of the intensive screening. As to the latter point, the 1.8 percent 
crossover eggs expected from the lengths of the My—Gl plus the Sb-U bx regions 
must first be cut in half for the unrecoverable chromosomes with three markers 
sure to be homozygous lethal with any sperm and again cut in half to discount 
lost homozygotes from Gl egg/My Gl sperm and Sb egg/Sb Ubx sperm. There- 
fore 153 classified adults indicate 306 single marker chromosomes which in turn 
represent 612 estimated complementary crossovers in either of the small flanking 
regions. The 612 crossover eggs would be 1.8 percent of 34,000 zygotes. Mean- 
while 104 crossover sperm (estimated from 52 classified adults) were produced 
non randomly within and among families. These crude calculations lead to an 
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induced crossover sperm frequency estimate of 0.3 percent but this figure is not 
linearly related to the frequency of the exchange process in the cells of the male 
larvae. However, the estimate is one or two orders of magnitude above the 
spontaneous crossover sperm frequency indicated among our control vials. 


SUMMARY 


The relation of crossing over to meiosis and to gonial mitosis in males was 
studied by the chemical treatment of young Drosophila melanogaster. First 
instar or second instar larvae transferred onto culture medium containing 
formaldehyde later produced crossover sperm in 10 percent of the 150 males 
bred. Both first and second instar larvae placed on 0.25 percent formaldehyde 
medium later produced crossovers, and second instars placed on 0.20 percent 
HCOH also produced crossover sperm. The crossover offspring were recovered 
in both of two broods. They appeared in clusters as often as singly within a 
family and brood. The clusters of similar crossovers were both numerous enough 
and large enough to attribute each cluster to a single exchange event in one 
gonial cell of each affected male without recourse to any explanation involving 
meiotic events. The screening procedure for crossovers required that any com- 
putation of crossover frequency be an indirect one; the induced crossovers were 
estimated to comprise 0.3 percent of sperm. One crossover sperm was detected 


from one of 111 control males. 
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A STUDY OF PARENTAL MODIFICATION OF VARIEGATED 
POSITION EFFECTS": * 


ANITA Y. HESSLER® 
Department of Zoology, University of Chicago, Chicago 37. Illinois 


Received February 19, 1960 


T HE study of genetic modification of the interruptions in homogeneous devel- 

opment of pigment which characterize white-variegated position effects in 
Drosophila melanogaster produces a variety of information. The compound eyes. 
testis sheath, and malpighian tubules in the mutant white (w, 1—1.5) are color- 
less, whereas the eyes are red and the sheath and tubules uniformly yellow in 
wild-type flies. White variegated flies possess at least one wt allele which, 
through a chromosomal rearrangement R(w+), is associated with hetero- 
chromatin (see review on position effect by Lewis 1950) and accompanies the 
development of the variegated pigmentation. A R(w+)/w fly will develop eyes 
wherein only part of the pigment cells form the products associated with visible 
pigment; some cells do not, and appear colorless. The other two tissues have 
patches of yellow or colorless cells (DEMEREC and Styzinska 1937). The w 
allele completely blocks production of both brown pigment components (om- 
mochromes) and red pigment components (drosopterins) of the wild-type eye. 
In the testis sheath of wild-type D. melanogaster certain pteridines develop, 
whereas the ommochromes and drosopterins do not. As the yellow pigment of 
the testis sheath is thought to be mainly sepia pteridine (GrarF and Haporn 
1959) which is regarded as a substance produced in the synthetic chain leading 
io formation of drosopterins in eyes (Forrest and MircHei 1955), a com- 
parison of the pteridines in these two tissues in white-variegated flies with their 
characteristically variable pigmentation might indicate the extent of correlation 
of pigment development in eyes and testis sheath. 

The cause of the cell-to-cell somatic variation is unknown, although certain 
environmental and genetic factors can modify the variegation toward either a 
preponderance of unpigmented tissue or of pigmented tissue. For example. by 
adding heterochromatin to the genome in the form of fragments or whole Y 
chromosomes. genetic modification is realized which usually results in more 
pigmentation (Gowen and Gay 1933; Scnuttz 1936; Baker and SporrorD 
1959). This phenomenon was utilized here in analyzing the development of eye 
and testis sheath pigment simultaneously in males with one or two Y 


chromosomes. 


! Accomplished on Contract No. AT(11-1)-431 for the Atomic Energy Commission. 
2 Submitted in partial fulfillment of requirements for the degree of Doctor of Philosophy in 


Zoology at the University of Chicago. 
} Present address: Marine Biological Laboratory, Woods Hole, Massachusetts. 
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Baker and Sporrorp (1959) and Sporrorp (1959) in their studies of white 
variegation found unusual parental effects on the amount of pigmentation in 
eyes of variegated offspring. The studies being reported in particular amplify, 
quantitate, and extend the unusual findings. 


MATERIALS AND METHODS 


Stocks: The w* allele employed in this study is the same one used by BAKER 
and Sporrorp (1959), Dp(w”)264—58a. This duplication is a 20-band segment 
of the X chromosome containing w+ (close to one end) which has been relocated 
in inverted order within the proximal heterochromatin of 3L (Surron 1940). 
Although originally carried in a free X stock by Dr. Erteen S. Gersu, the 
duplication was introduced by Drs. BAKER and Sporrorp in 1956 into two lines 
which have been kept separate since that time—one had free X chromosomes, 
the other attached-XY, attached-X chromosomes. The duplication in the former 
line is denoted by Dp'; in the latter line, by Dp*. The distinction implied by 
these symbols represents certain highly significant differences in behavior or 
state between Dp' and Dp* which were discovered during the course of this 
investigation. 

In the experiments detailed below the Dp* and Dp‘ were contributed initially 
by one yw/Y; Dp*/Dp* female and one yw/yw; Dp'/Dp' female respectively. 
The inbred white stock which were employed for testcrosses were (1) attached- 
X, attached-XY stock; yw/Y females, XYw/Y males, and (2) a free-X yw stock 
(y= yellow body, 1-0.0; w=white eye, 1-1.5; yw = attached-X; XYw = 
YSX-Y".In(1 EN = Y8w y-Y"y+, see Linpstey and Novirskr 1959). 

Flies were reared at 23+1°C on a culture medium modified slightly from that 
described by CarpPENTER (1950). Pair matings of genotypes being compared 
were made up simultaneously on medium from the same batch. One or two 
replicates of each set of matings were made, each replication in sufficient num- 
bers to yield at least ten fertile sets of parents. Two sets of smaller size, five and 
seven pairs, were obligatory in two cases because of infertility. The males used 
for chromatography were obtained by sampling the progeny of each pair in 
each replication at least once in the course of making daily collections, Sampling 
was random in the sense that the flies collected were simply those which eclosed 
in a given two-hour period after clearing of culture vials. The number of progeny 
produced by each pair mating was 50-60 regardless of the combination of 
parents used except MP-13 as noted later. 

Chromatographic techniques: The eye pteridines which were measured are the 
drosopterins (DP), sepia pteridine (SP), and 2-amino-4-hydroxypteridine plus 
biopterin (HB, and HB.). In the testis sheath SP, HB, + HB., and isoxanthop- 
terin (IX) were measured (abbreviations as in Z1EGLER-GUNDER and HaporN 
1958). The drosopterins refer to a complex of at least three compounds which 
comprise the red pigment (VisconTrNn1, LoEseR and Karrer 1958). Sepia pteri- 
dine is probably responsible for yellow pigment of the testis sheath; at least it is 
the major constituent (Grar and Haporn 1959). In my experiments HB, and 
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HB. were inseparable on one-way chromatograms. Their identity and relative 
abundance in eyes or testis were determined by running two-way descending 
chromatograms of samples of either ten heads or 12 testes (first solvent: pro- 
panol-7 percent NH,OH, 2:1; second solvent: butanol-glacial acetic acid-water, 
4:1:5). Comparisons were then made between the location of known 2-amino-4- 
hydroxypteridine added as a pure substance and the location of biopterin as 
accumulated in the eyes of the mutant sepia. It was found that the major part of 
the HB fluorescence in eyes and testis sheath was contributed by HB.—biopterin. 
In variegated eyes HB. was distinctly in execess of the normal wild type amount 
(Baker and Sporrorp 1959), whereas 2-amino-4-hydroxypteridine was some- 
what reduced. Sepia pteridine is present in excessive amounts, and drosopterin 
and isoxanthopterin are present in general in lower amounts in variegated eyes 
as compared with wild type. (For studies on the pteridines of Drosophila, see 
Haporn and Mircuert 1951; Forrest and MircuHeiy 1954a, 1954b, 1955; 
Forrest, GLASSMAN and MircHety 1956; Forrest, HATFIELD and VAN BAALEN 
1959: VisconTIN1., Lorser and EGELHAAF 1956; VisconTIN1, LoEsER and KARRER 
1958; VisconTIN1 and Rascuic 1958; Viscontin1 1958. For more general papers 
see Ciba Foundation Symposium on Chemistry and Biology of Pteridines, 1954; 
ALBERT 1954; ZIEGLER-GUNDER 1956; Haporn 1959). 

The males chromatographed were aged four to five days, dissected in 
Drosophila saline solution, and the samples—heads and testes—placed on What- 
man No. 1 filter paper (46 cm X 57 cm) prepared for descending chromatog- 
raphy. Fifteen to 20 heads were crushed individually 1 cm apart, and the testes 
corresponding to the heads were placed in the same order on the same sheet of 
paper. Paper blanks were also run on each sheet. The solvent was normal 
propanol:7% NH,OH (2:1). The paper was equilibrated with this solvent 
mixture for two to three hours prior to the chromatographic run of 16 hours in 
the dark which achieved adequate separation of the fluorescent components. The 
paper was air-dried in a laboratory hood and observed under UV light emitted 
by a Shannon lamp. The appropriate spots were marked, cut out, and eluted 
separately in 1 ml of dilute ammonia (1%) in individual stoppered vials for 
two hours; then the papers were removed. 

Fluorescent measurements were made with a Farrand (Type A) photo- 
fluorometer using as an arbitrary fluorescent standard 1 »gm of anthranilic 
acid per 1 ml elution solvent. The galvanometer was adjusted to give a reading 
of two (on the 1-10 scale) for the 1 ml of standard before each set of readings. 
Thus all measurements are in terms of fluorescent units of this arbitrarily 
chosen standard. A primary filter, Corning No. 9863, was inserted between the 
UV source and sample, while secondary filters were placed between phototube 
and sample. The combination of No. 3385 and No. 3389 secondary filters was 
used to measure drosopterin and sepia pteridine, and the combination of No. 
3385 and No. 4308 was used to measure isoxanthopterin and the HB complex. 
All readings were corrected by subtraction of the fluorescent value of a paper 
blank which had been cut from the chromatography paper at the same level as 


the sample. 
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RESULTS 


Mating plan: A detailed diagram of the mating scheme is presented in 

Figure 1. In order to distinguish the immediate parental source of the Dp(w’"), 
the convention was employed of placing a maternally-inherited duplication to 
the left of the diagonal and a paternally-inherited duplication to the right, e.g. 
yw/Y; Dp*/+ or yw/Y; +/Dp*. 
_ The expression of white-variegated position effects can be modified in many 
ways. The mating plan outlined in Figure 1 was designed to provide an organized 
framework for observing the operation of three particular modifying effects—the 
parental source effect, the effect of extra heterochromatin, and the effect of 
homozygous vs. heterozygous mothers. The plan was designed to produce in- 
formation which might clarify the relationship of one modifying effect to 
another. In order to follow readily the various sets of comparisons being made, 
the chart has been labeled in this manner: the P and M series refer to patrilineal 
and matrilineal stocks where the Dp is maintained in either males or females, 
respectively, by crossing each generation to appropriate white stocks. The 
numerals designating series 1 and series 2 divide the M and P series of XYw/Y 
(series 1) from the M and P series employing yw/Y males (series 2), thus 
distinguishing the effect of extra heterochromatin. Finally, MP-1 and MP-2 
identify lines established by certain deliberate combinations of the M and P 
lines to produce females homozygous for the duplication. The reasons for this 
plan will now be explained. 

It is known that white-variegated progeny of the same genotype may have 
drastically different phenotypic expression depending upon whether the Dp 
was contributed by the mother or by the father. This effect of parental source of 
Dp is illustrated by the variegated progeny of yw/Y; Dp*/+ 22 and XYw/Y; 


+/+ 66, which develop far less pigment in their eyes than do the progeny of 
o “oe 
yw/Y; +/+ 2% x XYw/Y; +/Dp* é 6 (Sporrorp 1959). In addition, daughters 


of these two crosses show significant differences in penetrance of Dp*. Chromat- 
ographic assays of pteridines in eye and testis tissues of males from these re- 
ciprocal crosses were made. Are the quantitative differences exhibited in the 
eyes of the two kinds of sons paralleled by differences in testis sheath pteridines? 
It is of interest from a developmental standpoint to find whether both tissues 
are being similarly affected by the parental source of the duplication. 

The mating plan as designed permits study simultaneously of a second effect 

that of extra Y heterochromatin. As it was unknown whether the parental 
source effect of Dp obtains in crosses using attached-X females but free X males, 
the matings were arranged so as to provide separate matrilineal and patrilineal 
lines of the duplication in both XYw/Y males (series 1) and free X males 
(series 2). By examining the parental source crosses in terms also of additional 
heterochromatin, one might expect to resolve certain regularities in the effects on 
pigment formation. It was hoped that observations on penetrance and analysis by 
chromatography might establish the action of additional heterochromatin of the 
XYw chromosome in enhancing pigment production in testes as well as in eyes. 
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The mating plan provides for testing of a third modifying effect—that of 
augmented pigment production in progeny (heterozygous for Dp) of a yw/Y; 
Dp/Dp mother compared with the progeny of a yw/Y; Dp/+ mother. Series 
MP-1 and MP-2 in Figure 1 denote the deliberate recombination of matrilineal 
and patrilineal stocks to produce homozygous Dp females whose progeny could 
be compared with those of heterozygous Dp females. As in the case of other 
modifiers, inspection of progeny for penetrance of the duplication is an important 
criterion; and employment of chromatography of males proved especially useful, 
since phenotypic differences otherwise difficult to characterize without a large 
number of progeny could be easily detected and more subtly analyzed. 

In summary, the mating plan was to provide simultaneous samples of all the 
kinds of flies to be compared. However, the experimental results also disclosed 
what appear to be real and significant differences between the way Dp* and Dp‘ 
act. Thus, the plan did not accomplish all that was intended. Sufficient data were 
accumulated to check the parental source effect completely in the XYw/Y 
series, but not in the yw/Y series. Comparative effectiveness of extra hetero- 
chromatin could be examined in both XYw/Y and yw/Y matrilineal series 
(M-11 and M-21, respectively), but it could not be examined in corresponding 
patrilineal matings (P-11 and P-21), where the difference between Dp* and Dp' 
invalidates such comparison. The desired comparisons of effects of homozygous 
Dp mothers versus mothers heterozygous for Dp are valid only in the Dp* series 
(MP-1). Although the data collected from the MP-2 series are not directly 
comparable, they provide strong evidence that the original duplication now 
exists in two states, Dp* and Dp‘. 

Modifying effects associated with Dp": The parental source effect of Dp* may 
be best described in two ways: the difference in penetrance of Dp* in daughters 
and the difference in degree of expression in sons as determined chromato- 
graphically. As shown in Table 1, the mottled daughters of P-11 (yw/Y; +/Dp*) 
comprise a far larger percentage (47.7%) of the total female progeny (white 
plus mottled) than do yw/Y; Dp*/+ daughters of M-11 (29.4%). In addition, 
more pigment developed in P-11 than in M-11 daughters. Mottled sons from 
both crosses occurred in numbers insignificantly different from the expected 50 
percent, but, as in their female siblings, M-11 sons (XYw/Y; Dp*/+) exhibit 
markedly reduced pigment development compared to the XYw/Y; 4 /Dp* P-11 
sons. (This will be elaborated on later in the paper. ) 

When the MP-1 matings were made, a number of variegated females were 
produced which may have received Dp* from either a mother or a father. (Note 
also that this group differs from the M-11 and P-11 ones in that the egg or sperm 
bearing the wild-type third chromosome is contributed by a Dp*-bearing parent 


=> 


+ 


rather than by a homozygous testcross stock of yw/Y; +/+, XYw/Y; +/+.) 
Since the mottled daughters (yw/Y; Dp*/+ and yw/Y; +/Dp*) of MP-1 showed 





a range of mottled phenotypes which could not be placed into distinct sets, it was 
impossible to designate the parental source of Dp*. In addition, a number of 
Dp*/Dp* homozygous females were expected to survive, and their identification 
is inconclusive except by progeny test, although they tended to be somewhat 
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more fully pigmented as a group than were the heterozygotes. As noted in 
Table 1, the daughters of the females which turned out to be heterozygous 
(MP-11, 12) resemble those of M-11 in that the penetrance of the duplication 
is essentially identical. Also, the expression of pigment in general among the 
progeny of MP-11, 12 was more similar to that of M-11 progeny than to P-11 
progeny, with only a few exceptions showing much pigment. Thus, there is no 
evidence of a grandparental source effect. 

Unlike similar tests on the M-11 and P-11 progeny, a chi-square test for 
heterogeneity within the 41 pairs comprising MP-11, 12 reveals very significant 
heterogeneity as to percentages of variegated flies from one mating to another, 
which could be largely accounted for by four exceptional pairs. Out of a total of 
90 female progeny produced by these four pairs 55 were mottled, whereas 95 
of the 99 sons were mottled. These numbers yield percentages (61% female, 
96% male which are significantly different from the percentage of mottled 
progeny of the other 37 pairs (26.2% female, 43.8% male). The progeny of the 
exceptional pairs also developed more pigment. It is not known if these four 
exceptional pairs represent matings of mothers homozygous for Dp*(MP-13) 
wherein a portion of the daughters and four of the sons are actually heterozygous 
for Dp* but unpigmented or whether the exceptional progeny are actually from 
heterozygous mothers and the white-eyed progeny are not being recovered as 
adults in the usual numbers. Excluding these four exceptions, it may be said 
that most of the heterozygous daughters of the MP-1 mating seem to produce 
progeny which are indistinguishable from matrilineal (M-11) crosses and thus 
show no grandparental source effect attributable to having a yw/Y; Dp*/4 
rather than an XYw/Y; 4 Dp* grandparent. 

Characterization of the quantitative differences in pteridines between sons of 
M-11 and those of P-11 was deemed of possible value in determining whether 
both eye and testis sheath, which are quite different from one another in de- 
velopmental origin (Poutson 1950), are affected similarly by the parental 
source effect. Highly significant quantitative differences in amounts of drosop- 
terin (DP). sepia pteridine (SP) and the HB complex (biopterin and 2-amino-4- 
hydroxypteridine) in eyes distinguish the two types of sons, although no qualita- 
tive differences were observed (see Table 1). The amount of SP and HB (which 
is mainly biopterin) in the eyes bore a positive correlation, and there was less 
of both substances in M-11 than in P-11 sons (See Figure 2). The essentially 
straight line of Figure 2 leads one to infer that the parental source effect is 
acting on one process. However, the relation of both SP and HB to drosopterin 


differs in that M-11 sons show a positive correlation of both SP and HB to DP, 


whereas P-11 sons show negative correlation (Figures 3, 4). This may mean 
that at least two processes are being affected. Perhaps the M-11 sons character- 
istically never form enough precursors of drosopterin to make more than a small 
amount of visible pigment, whereas the P-11 sons accumulate excesses of the 
drosopterin precursors which are not converted into DP at a normal rate. The 
general shape of the curves in Figures 3 and 4 is reminiscent of the observation 
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of Baker and Sporrorp (1959) that the sepia and HB pteridines accumulate at 
intermediate values of visible pigmentation. 

Highly significant differences in amounts of SP and the HB complex, as well 
as isoxanthopterin (IX), were observed also in the testis sheath, depending upon 
the parental source of Dp*. Again, no qualitative differences distinguished the 
two kinds of sons. The relation of SP to HB was a direct positive one (Figure 5). 
Isoxanthopterin likewise showed a range of low values in M-11 sons, high 
values in P-11 sons (Table 1). 

Within neither the XYw/Y; Dp*/+ sons nor the XYw/Y; +-/Dp* sons was 
there a correlation observed between the amount of SP of the eyes and in testis 
sheaths (Figure 6) nor between the amount of HB in eyes and sheaths (Figure 
7). Moreover, the values for M-11 sons as a group were for both tissues lower 
than the values for P-11 sons. The relative lack of overlap between the two 
groups of points representing the two kinds of sons gives an indication of the 
genetic homogeneity within each group. 

Direct examination of the source effect in free X males is impossible since no 
yw/Y; +/Dp* males from a patrilineal line were produced at the same time the 
M-21 matings were made. However, daughters of M-21 (yw/Y; Dp*/+) 
showed nearly identical penetrance and expression of Dp* to that of daughters of 
M-11 and also daughters of MP-11, 12 and MP-21. Thus the expression of 
variegation in daughters appears to depend only on the source of Dp* and not on 
the structure of their father’s X chromosome. It seems legitimate, therefore, to 
compare the progeny of MP-211 (yw/Y; +/Dp* ? 2, yw/Y; +/Dp* ¢ ¢) with 
M-21 and MP-21. When 59 white-eyed sons of MP-21 were individually crossed 
to yw/Y females, 50 percent produced mottled progeny, establishing the fact that 
the fathers actually carried the duplication. The daughters of MP-211 appeared as 
the daughters of P-11 paternal source matings, 48.2 percent being pigmented, 
and the character of pigmentation was similar to the enhanced amount which 
develops in daughters of the patrilineal line. More sons (four percent) had pig- 
mented eyes than ever occurred among sons of M-21 and MP-21 (zero percent). 
Thus it is suggested that the parental source effect of Dp* is maintained in 
free X males. 

The effect of added heterochromatin on pigment development of males in the 
Dp* framework is drastic. The penetrance in yw/Y; Dp*/+ males is at best about 
30) percent of the expected 100 percent as determined by examining testes and 
malpighian tubules for pigment. Only progeny testing, such as was done in 
MP-211. reveals that Dp* is actually present in about half of the white-eyed 
sons. In addition to poor penetrance of Dp* in yw/Y males, the amount of pig- 


ment developed in such males showing variegation is markedly less than that 
developed in M-11 sons (see pteridine analysis, Table 1). Both kinds of sons had 
exactly the same kind of mother. This leads to the conclusion that additional Y 
heterochromatin in the genome is associated with development of far more 
variegated flies with more pigment in both the tissues inspected. 

Modifying effects associated with Dp’: One primary reason for distinguishing 
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Positive correlation of DP and SP in the eyes of M-11 sons (XY¥w/Y; Dp?/+, 
+-/Dp*, open circles). Note 


intermediate values for variegated sons of yw/Y; Dp*/Dp*, MP-13 (plus signs). 
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a Dp* and a Dp' state is that the parental source effect with Dp' is either absent 
or, more likely, the reverse of that seen in Dp* as described above. The main 
evidence for this is supplied by observations on penetrance of Dp‘ in males and 
to some extent by chromatographic analysis. If the Dp‘ parental source effect 
were similar to Dp*, one would expect sons of a Dp‘ mother to show equal or 
lower penetrance of the duplication than would sons of a Dp‘ father, and the 
expression, in terms of pigment formation, would be significantly reduced. Also, 
the daughters of a Dp‘ mother would be expected to show consistently lower 
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penetrance and expression of the duplication than the daughters of a Dp‘ father. 

Actually, however, mottled-eyed sons (yw/Y; Dp'/+) of a Dp‘ mother (sons 
of MP-22) numbered 45 percent of the total male progeny, whereas only 23 
percent of the sons of a Dp‘ father (mating P-21) had pigmented eyes. Although 
dissection of white-eyed flies for evidence of pigmented testis sheaths showed 
that the duplication is present in 48 percent of the sons in the latter case, similar 
dissection of the sons of a maternal source revealed that 58 percent had pig- 
mented testes. Table 1 shows that the amount of drosopterin is significantly 
higher in MP-22 than in P-21 sons, but there is no significant difference in the 
amounts of SP or the HB complex, although they are slightly higher in 
MP-22 sons. 

The variegated daughters (yw/Y; Dp'/+) of the maternally contributed Dp‘ 
(MP-22) number about 60 percent of the total female progeny, whereas mottled 
daughters of P-21 comprise 50 percent of the total female progeny. The ab- 
normally high recovery of the Dp‘-bearing sons and daughters when the mother 
carries Dp‘ (MP-22 and MP-232) is also unique to the Dp‘ state and may be 
suggestive of a maternal influence of a Dp‘ mother on her nonduplication bear- 
ing eggs. At any rate, it provides additional evidence supporting a distinction 
between Dp* and Dp‘. 

Maternal homozygosity effect: Let us first consider the matings using the 
Dp* state of the duplication. The seven MP-13 matings (yw/Y; Dp*/Dp* 2 2 
x XYw/Y; +/+ 68) were discernible because no white offspring were re- 
covered. Homozygous females were as a rule darker than heterozygous females of 
the M-11 kind but not surely distinguishable from MP-11, 12 females. Progeny 
of MP-13 had distinctly more pigment than progeny of MP-11, 12. A chromat- 
ographic analysis of pteridines in MP-13 (XYw/Y; Dp*/+) sons reveals higher 
values for all eye and testis pteridines than found in M-11 sons. The difference in 
drosopterin values is highly significant; the difference in HB complex values for 
eyes is barely significant at the five percent level; the differences between the 
means for alj the other substances are not significant at this level. It would appear 
that in variegated sons, heterozygous for the duplication, from yw/Y; Dp*/Dp* 
mothers, the development of pigments is improved over that of identical sons 
from yw/Y; Dp*/+ mothers. 

Female progeny produced as a result of the MP-2 series of matings (which 
will include yw/Y; Dp*/Dp' females) could be of three genotypes—yw/Y; 
Dp*/+, yw/Y; +/Dp', and yw/Y; Dp*/Dp'. There were in fact only two pheno- 
types recovered, lightly mottled females and females with a great deal more pig- 
ment, with essentially no intermediate phenotypes. A sample of 15 of the lightly 
mottled females and 75 darkly mottled ones were individually mated to yw/Y 
males; five of the 15 were fertile, while about one half of the 75 were fertile. 
Samples of the fertile females were studied. Ten of the darker females were 
identified as being Dp*/Dp' because they produced no white female offspring, 
although some of the male progeny were white-eyed; 12 dark-eyed females were 
heterozygous and identified tentatively as yw/Y; +/Dp'. Five lightly mottled 
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females were heterozygous and identified as supposedly yw/Y; Dp*/+. Thus, 
unlike the MP-1 matings, heterozygous daughters of MP-2 were capable of being 
distinguished phenotypically. The testcross series MP-21, MP-22, and MP-23 
thus are of unusual interest since these crosses could confirm the differences 
between Dp* and Dp' and provide evidence of the stability of these differences. 

MP-21, a mating between supposed yw/Y; Dp*/+ and yw/Y; +/+ males 
produced progeny showing the penetrance and pigmentation characteristic of a 
maternal duplication of the Dp* state (M-21). About 30 percent of the females 
were pigmented, but only slightly; all the males were white-eyed. Dissection of 
96 of the males failed to reveal any with pigmented testes, but progeny testing of 
59 (mating MP-221) revealed the presence of Dp* in one half of the white-eyed 
males. The lack of pigment in any of the testes points to a possible difference 
between these sons and those of M-21. 

Progeny of MP-22 were entirely different from those of MP-21. Nearly 60 
percent of the females were well pigmented, a highly significant difference from 
the daughters of MP-21 (30 percen*). Also. the male preseny (yw/Y; Dp'/+) 
of MP-22 differed significantly from MP-21 sons (yw/Y; Dp*/+) in that 45 
percent of the former had pigmented eyes. A sample of the yw/Y; Dp‘/+ sons 
selected for dissection showed that 58 percent had well-pigmented testes and that 
considerable amounts of isoxanthopterin had formed. 

The progeny of MP-23 individual matings of yw/Y: Dp*/Dp' x yw/Y; +/+ 
males showed a striking dichotomy in appearance of females, one half being 
lightly pigmented and one half more fully pigmented. Of the 168 female 
progeny of these ten Dp*/Dp' testcrosses, 90 were pair-mated to yw/Y; +/+ 
males. to check whether or not genetic evidence supported phenotypic evidence 
of persistence of a Dp*:Dp' dichotomy. 

Of the 90 pair matings, 38 were fertile—26 mothers were lightly mottled, and 
12 darkly mottled, thus giving an indication that the latter class was less fertile. 
However, since this particular set of matings was not repeated, it is not possible 
to say whether this difference is significant. All 38 mothers produced variegated 
daughters, but only the darkly mottled ones had variegated sons. Considering 
first the suspected Dp* mothers, the lightly mottled ones, it is seen from the 
results of mating MP-231 (yw/Y; Dp*/+ 2? X yw/Y; +/+ ¢ ¢) that no varie- 
gated sons were produced, only white-eyed ones, and only 15.6 percent of the 
daughters were variegated. Although these results closely resemble those of 
other series of yw/Y; Dp*/+ X yw/Y; +/+ matings, the penetrance of Dp* in 
daughters of MP-231 is significantly lower (15.6 percent vs. 29 percent). The 
meaning and significance of this difference is unknown as yet, but the MP-231 
results are regarded as providing strong support for the identification of these 





lightly mottled females as Dp*. 

The progeny of MP-232 (yw/Y; Dp'/+ °° X yw/Y;+/+ 464) resembled 
phenotypically those of MP-22. There is a similarity in the penetrance of Dp‘ 
also which, although not so drastic, is consistently in the same direction of re- 
covery of more variegated than white females (Table 1). None of the males was 
dissected, so whether or not more than 50 percent of the sons actually carried 
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Dp‘ is unknown. Nevertheless, the penetrance is significantly higher than was 
observed in sons of P-21 where the source of Dp‘ was paternal. This further 
supports the conclusion that the parental source effect with Dp‘ does act in 
the direction opposite to that with Dp*. 

Among the sons of MP-23, there would be expected a yw/Y; Dp*/+ and 
yw/Y; Dp‘/+ class because there is evidence of Dp* and Dp‘ daughters. How- 
ever, the genotype of the white and mottled sons cannot be deduced from the 
phenotypic percentages (34 percent white, 66 percent mottled) since the white- 
eyed males which have mottled testes might represent either Dp* or Dp‘. The 
fact that all the testes are variegated does, however, give confirmation of the 
identity of the MP-23 mothers as homozygous. Note that the expression in 
these sons is even higher than in the yw/Y; Dp'/+ males from MP-22, indicat- 
ing an enhancement of pigmentation in the sons from a mother that carried two 
doses of the duplication, albeit in different states. 

It is stressed that the maternal effect whereby progeny of a homozygous 
mother show better penetrance and expression than do progeny of a heterozygous 
mother is a one-generation effect. Progeny testing in series MP-231 and MP-232 
re-establishes the differences as observed in the MP-21 and MP-22 progeny of 
heterozygous mothers. 

It may be of interest to introduce data on the results of crossing other daughters 
of MP-2 to XYw/Y males. MP-2 daughters of the two phenotypes—lightly 
mottled and darkly mottled—were crossed individually to XYw/Y males, and 
progeny of 24 fertile pairs established the existence of three groups of mothers: 
(1) 12 darkly mottled and homozygous for the duplication, (2) eight darkly 
mottled and heterozygous, and (3) four lightly mottled and heterozygous. The 
figures given (Table 2) are the total progeny of each of the three groups, whereas 
all other sets of progeny discussed in this paper were first tested for within-group 
heterogeneity and then pooled, if appropriate. It is of interest to compare these 
results with both the MP-11, 12, 13 series of crosses and the MP-21, 22, 23 series. 

Let us first compare the phenotypic data in Table 2 with the results of MP-11, 
12, 13. The heterozygous daughters of the MP-1 matings could not be distin- 
guished phenotypically, whereas the heterozygous daughters of the MP-2 mat- 





TABLE 2 


an . 
Progeny of X¥Yw/Y; +/+ 64 x 9 Q of three possible genotypes resulting from MP-2 cross 





Daughters Sons 
it om “Tiiiite-variegated ; . - White-variegated 
Genotype of mother White Sie @hwared: White "Red Brownced 
(1) yw/Y;Dp*/Dp! : 
darkly mottled 0 97 92 0 160 0 
(2) yw/Y;Dp!?/-+ 
darkly mottled 81 74 0 103 86 0 


(3) yw/Y;Dp*?/+ 
lightly mottled 46 0 32 32 0 53 
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ings (yw/Y; Dp*/+ 22 X yw/Y;+/Dp' ¢¢) can be distinguished and these 
distinctions are supported by progeny tests to XYw/Y males. Also, the daughters 
of MP-13, where the mother was homozygous for Dp*, although showing some 
variation as to pigmentation did not show the dichotomy of phenotypes that 
daughters of Dp*/Dp' do (Table 2). Although no measurements were made, 
chromatographs of some white-mottled “red” and some white-mottled “brown- 
red” daughters of the homozygous females (Table 2) showed much more 
drosopterin in the “red” group than in the “brown-red”’, with the latter accumu- 
lating distinctively more HB and SP. It is believed that these two phenotypic 
classes correspond to the darkly mottled and lightly mottled daughters, respec- 
tively, of yw/Y; Dp*/Dp'? X yw/Y; +/+¢. The distinction here made between 
the two kinds of mottled progeny must be tentatively assigned to the contribu- 
tions of the XYw/Y paternal genome versus that of yw/Y males, a point which 
was not resolved in this study. Also, the supposed yw/Y; Dp'/+ mothers recorded 
in Table 2 did not produce a preponderance of mottled daughters, as did the 
MP-22 females with which they are being compared, another difference which 
may be attributable to the paternal genomes. The essentially wild-type pigmen- 
tation of sons of Dp*/Dp' mothers (when fathers are XYw/Y) is considered very 
different from the measured values of MP-13 sons, which were only partly pig- 
mented. The most important characteristic brought out by the data in Table 2 is 
that the daughters of MP-2 matings when crossed to XYw/Y males produce off- 
spring which fall into three genotypic groups comparable to MP-21, 22, 23, but 
distinctly unlike MP-11, 12, 13. 

In XYw/Y and yw/Y sons of Dp*/Dp‘ mothers there cannot be distinguished 
two phenotypic classes which can be said to correspond to Dp* or Dp‘, although 
the female siblings in both cases do display this dichotomy, which seems to 
correspond genetically to Dp* and Dp' (MP-231, MP-232). Therefore, one must 
assume in the case of presumed XYw/Y; Dp*/+ sons of Dp*/Dp‘ females that 
such males have their pigmentation raised to a level higher than that observed 
when genetically identical sons come from mothers which were homozygous for 
Dp*. 
Development of pigment and precursors: In order to evaluate the generality of 
the conclusions reached concerning pigmentation in variegated eyes and testes, a 
comparative study was made of the pteridines in eyes and testes of XYw/Y; 
+/Dp* males and Oregon-R wild type males at a series of different times in 
development from two days before eclosion to 12 days after eclosion. The 
measurements presented in Table 3 are in terms of the arbitrary fluorescent units 
described earlier in the paper. These developmental studies were done on flies 
reared at 25+.5°C after the completion of the studies discussed previously. The 
relatively larger standard errors registered for the mottled males is a reflection 
of the more heterogeneous nature of their pigmentation compared to more uni- 





formly pigmented wild-type males. 
The amount of drosopterin in the mottled males was as a rule less than in 
wild type (Figure 8) whereas the amounts of sepia pteridine and the HB com- 
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Ficure 8.—Comparison of eye and testis pteridines developed in Oregon-R males (—) and 
~~ . 
XYw/Y; Dp* males which were reared concurrently. Day 0 is the time of eclosion. 


DP = drosopterin; SP sepia pteridine; HB = biopterin + 2-amino-4-hydroxypteridine; IX = 
isoxanthopterin 

plex were usually higher in mottled than in wild-type males in both testes and 
eye tissue. If sepia pteridine is the main constituent of visible pigment in the 
testis sheath, it is of interest that the pigmented sheath cells of variegated testes 
accumulate more sepia pteridine than do the sheath cells of wild-type flies, which 
are completely pigmented. The isoxanthopterin content of the testes of the two 
kinds of males is essentially identical, except that the XYw/Y males exhibit 
somewhat more variability. Since the synthetic pathways relating the various 
pteridines are not as yet known, the significance of these differences remains 
obscure. Apparently in males showing white-variegation, the partial blockage of 
red pigment formation in the eyes is accompanied by the accumulation of pre- 
cursors (SP and the HB complex) in testis sheath as well as in eyes. 
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The values represented by the means, plotted in Figure 8, for imagoes fit very 
well the curves established in previous figures for 5-day-old flies. The extensive 
measurements made on 5-day-old flies reflect, at least in the case of XYw/Y; 
+/Dp* males, a difference from the wild-type condition which is characteristic 
throughout most of the pupal period and up to 12 days after eclosion. 


DISCUSSION 


Certain of the parental effects which have been described can most economi- 
cally be interpreted as one-generation maternal effects. In the case of Dp*, the 
progeny of a female homozygous for the duplication quantitatively express the 
pigment-forming action of Dp* more strongly than do progeny of a heterozygous 
female, The pteridine analyses of the two sets of heterozygous sons, as well as 
the penetrance of Dp*, support this statement. Implicit in such a conclusion is 
the assumption that one dose of Dp* produces less pigment forming action in the 
egg than do two doses. Also it is possible that mutant white alleles and Dp* are 
interacting such that two white alleles and one Dp* in a heterozygous mother 
result in production of quantitatively less maternal pigment-forming substances 
than does the interaction of two white alleles with two Dp*’s in a homozygous 
mother. The most obvious pathway available in females for conveying mater- 
nally formed products into eggs is the transfer of nurse cell products into the 
developing oocyte. The egg is a closed metabolic system for the period from 
its fertilization until the hatching of the first larval instar. During this time 
(about 24 hours) differentiation is extremely rapid, and even the anlagen of 
imaginal gonads and eyes are laid down (Poutson 1950). Thus, there is a 
mechanism for the incorporation of maternal products into the cells of the 
imaginal anlagen. We do not know how these maternal products are maintained 
in the developing embryo and how they influence, eight to ten days later, the 
differentiation of pigment in an imaginal organ. 

The other case in which a maternal effect may be tentatively invoked as an 
explanation of the results is the behavior of Dp‘ in progeny of a maternal com- 
pared with a paternal source. It will be recalled that the progeny, heterozygous 
for Dp‘, produced by a Dp‘ mother showed better penetrance and expression of 
pigmentation than progeny of a Dp‘ father. This difference can be explained by 
assuming that the heterozygous Dp‘ female adds pigment-forming substances to 
her eggs which are not added by white females to their eggs. Therefore, eggs 
ready for fertilization in a Dp‘ mother would be, in a sense, conditioned for pig- 
ment development, whereas eggs of a mutant white mother would not. 

Other cases of maternal influence on eggs have been noted from time to time 
(see Caspart 1948). For example, in Ephestia kynurenine was demonstrated to 
be present in the homozygous recessive eggs (a/a) of a cross between an at+/a? 
x a/aé, whereas this substance is lacking in such eggs from an a/a? X at/aé 
cross. We have no knowledge of the chemical nature of the postulated sub- 
stances accounting for the supposed maternal effects on white variegation in 


D. melanogaster. 
In the Dp* series, the progeny with a paternally contributed duplication exhibit 
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far more pigment development than do progeny of a maternal source. This is 
not in accord with expectations based on the postulated maternal action of the 
duplication. From the viewpoint of finding a consistent explanation accounting 
for all the phenomena observed, this is an exception which cannot be reconciled. 
Data are lacking which will permit critical judgment of this exception, until, for 
example, crosses between yw/Y; Dp*/+ and XYw/Y; Dp*/+ are made, with a 
marked third chromosome in either the male or the female. Thereby male 
progeny coming from the same type of mother and carrying either a maternally 
or paternally contributed Dp* can be studied simultaneously. This study has been 
postponed because the addition of a newly marked third chromosome would tend 
to destroy the isogenicity of the stocks. 

The Dp*/Dp‘ females, when crossed to either XYw/Y or yw/Y males produced 
offspring with more pigment than offspring from mothers heterozygous for either 
Dp* or Dp‘. This is consistent with an explanation in terms of maternal effect. 
This observation implies that there is no complementation between the function 
of Dp* and Dp' insofar as the maternal homozygous effect is concerned. In other 
words, although these two states of the duplication may be distinguished by the 
particular criteria previously enumerated, they behave as functionally the same 
state in the maternal homozygous effect. 

Since all the XYw/Y sons of both Dp*/Dp* and Dp*/Dp‘ mothers are pig- 
mented, it is of interest that the sons of Dp*/Dp' developed nearly wild-type 
pigmentation whereas sons of Dp*/Dp* developed only partially pigmented eyes. 
Since the Dp*/Dp‘ female is expected to yield both Dp* and Dp‘ sons, it would 
appear that the Dp* sons look like Dp' ones. Since any egg of Dp*/Dp‘ mothers 
has an equal probability of developing into a male or female, potential daugh- 
ters and sons would be expected to receive the same kinds and amounts of 
maternally contributed substances prior to fertilization. Yet the daughters of 
Dp*/Dp' show divergent phenotypes, and the sons do not. The most obvious 
difference between the daughters and sons is, of course, the yw versus the XYw 
condition; both sexes have a free Y in addition. Perhaps the association of the 
extra heterochromatin of XYw in the sons results in the passing of some crucial 
threshold in pigment formation which is not surpassable in the yw daughters. 
While both sons and daughters have one duplication-bearing chromosome, the 
sons have only one white allele, whereas the attached-X daughters have two 
white alleles. Whether either of these factors influences the differences observed 
between sons and daughters of Dp*/Dp‘ females is not known. 

The fact that phenotypically distinguishable and genetically distinct Dp* and 
Dp' categories could be established certainly supports the notion that the differ- 
ence in state is a stable one. The difference reported is substantiated by an inde- 
pendent study by Dr. Janice B. Sporrorp (unpublished). The characteristics of 
the two states must represent changes in the properties of the duplication and/or 
surrounding heterochromatin rather than alterations caused by modifying genes 
(unless very tightly linked). The states could be interpreted as representing two 
systems of modifiers of the duplication, one enhancing (Dp*) and the other 
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suppressing (Dp‘) pigment development, with crossing over in females and lack 
of crossing over in males to account for the parental effects described. However, 
since the duplication was maintained in matrilineal lines, there is always the 
possibility that such modifiers would eventually cross out, resulting in progressive 
change in the character of mottling. Such progressive alteration was not observed. 
The most compelling argument against two systems of modifier genes is the 
observation that Dp* and Dp’ as extracted from Dp*/Dp' females were unchanged 


in their respective actions. 
SUMMARY 


The study disclosed the existence of two states, Dp* and Dp‘, of the duplication 
Dp(w”" )264—58a in Drosophila melanogaster which produces position-effect var- 
iegation of the pigments in the eyes and testis sheaths. Dp* flies as a rule develop 
less pigment than Dp' flies when white-variegated stocks are compared. The var- 
iegated progeny heterozygous for Dp* were more heavily pigmented if their 
mottled mothers were homozygous for Dp* than if they were heterozygous for 
Dp*. Variegated progeny of heterozygous Dp* males, however, have significantly 
more pigmentation than do progeny of Dp* females. Dp‘ females, on the contrary, 
produce more heavily pigmented progeny than do Dp‘ males. Also, the number 
of mottled progeny recovered from a Dp'/+ female may be significantly higher 
than the number of white progeny recovered. This distorted ratio is not observed 
with Dp*/+ mothers. The differences in penetrance and expression accompany- 
ing the parental source effects and maternal homozygosity effect in Dp* or Dp‘ 
are considered to be one-generation effects. 

The homozygous versus heterozygous maternal effect is observed by comparing 
progeny of Dp*/Dp' females with progeny of either Dp*/+ or Dp'/+ females; 
thus there is no evidence for distinguishing a difference in action of Dp* from 
Dp‘ in terms of the homozygous maternal effect. 

Chromatographic analysis of eye and testis sheath pteridines has demonstrated 
no correlation between sepia pteridine or HB, + HB. in these two tissues of 
XYw/Y males bearing Dp*. A comparative developmental study showed that 
XYw/Y; 4 Dp* males as a rule developed less drosopterin in their eyes but more 
sepia pteridine and HB, + HB. in both eyes and testis sheaths than did Oregon-R 
wild-type males. 
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ig HE parasexual cycle in fungi is initiated by the formation of a heterocaryon. 

Consequently, genetically dissimiliar nuclei are intermingled within a com- 
mon cytoplasm in which nuclear “fusion” may occur. When genotypically differ- 
ent haploid nuclei are involved, a heterozygous diploid nucleus results. During 
the multiplication of such nuclei, mitotic crossing over or haploidization or both 
may occur and spores may eventually be obtained which have either diploid 
nuclei homozygous for certain genetic markers or haploid nuclei containing new 
combinations of genetic markers. In either event, methods are now available for 
genetic studies using fungi lacking a perfect stage (PonTEcorvo 1953). 

Buxton (1956) suggested that a genetic analysis of factors controlling or 
determining pathogenicity in the imperfect fungus Fusarium oxysporum f, pisi 
might be accomplished by using the parasexual cycle. TuvEson and GaRBER 
(1959b) have shown that certain heterocaryons and diploid strains of this species 
yielded spores with nuclei carrying markers characteristic of only one of the 
component strains. These results were interpreted by assuming that selective 
forces favored either multiplication of one nuclear type or the incorporation of 
one nuclear type in the conidia. Genetics studies involving the parasexual cycle 
are based on the assumption that the inclusion of different nuclear types in spores 
is random (Ponrecorvo and Karer 1958). Situations in which certain nuclear 
types do not become incorporated in the spores do not lend themselves to a 
rational analysis. 

This paper presents data indicating that it is possible to alter the presumptive 
selective force responsible for the anomalous situation in heterocaryons of F. 
oxysporum f, pisi. 

MATERIALS AND METHODS 


Origin of fungal stocks, cultural conditions, methods for obtaining and charac- 
terizing nutritionally deficient mutants, and for making heterocaryons have been 
described in detail by Tuveson and GarBer (1959a,b). Except for HET (hetero- 
caryon) XVI, turbid spore-suspensions of each diauxotrophic strain were mixed 


1 Contribution number 64 from the Department of Biology, Wayne State University, Detroit, 


Michigan. 
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and added to the surface of minimal medium plates. In preparing HET XVI, 
equal numbers of spores were added prior to plating the suspension. 

In several experiments, the minimal medium was supplemented with the 
nutritional requirements of the component strain that was either not recovered 
or occurred in a minority of spores from the respective heterocaryons. Agar 
blocks containing mycelium were removed from the center of each heterocaryon 
actively growing on minimal medium and transferred to supplemented or un- 
supplemented minimal medium. Inoculated plates were incubated for 18-21 days 
at 26°C; spores were harvested to determine their nutritional requirements 
(Tuveson and GarBER 1959b). 

The nutritional requirements of the eight diauxotrophic strains used in making 
heterocaryons were: try, his—tryptophane, histidine; nic, val—nicotinic acid, 
lysine, adenine (or hypoxanthine) ; met, lea—methionine (or 
histidine, adenine; 





valine; lys, ade 
cysteine ), leucine; bio, iv—biotin, isoleucine-valine; his, ade 
glu, pab—glutamic acid, para-aminobenzoic acid; ino, arg—inositol, arginine. 





RESULTS 
The nutritional requirements of spores harvested from ten heterocaryons 


grown on minimal medium are presented in Table 1. The first five entries repre- 


TABLE 1 


Nutritional requirements of conidia harvested from heterocaryons of Fusarium oxysporum 
f. pisi grown on minimal medium* 





Heterocaryons Component strains Nutritional requirements 
I bio, iv—try, his 104 bio, iv 
II nic, val—his, ade 104 prototrophs 
Ill glu, pab-—lys, ade 130 glu, pab 
IV met, leu—ino, arg 78 met, leu; 25 met; 1 leu 
V bio, iv—his, ade 104: bio, iv 
Vil bio, iv—met, leu 145 bio, iv 
IX bio, iv—nic, val 98 bio, iv; 6 nic, val 
XII bio, iv-glu, pab 128 glu, pab; 1 bio, iv 
XVI his, ade—met, leu 192 his, ade 
XVII his, ade—glu, pab 78 his, ade 





* HET I-V (Tuveson and Garser 1959b). 


sent data from previous experiments reported by Tuveson and GarBER (1959b) 
and are included for completeness. In two of the ten heterocaryons, spores with 
nuclei from one or the other of the component strains were recovered; in seven 
heterocaryons, spores had nuclei from only one component strain. In the former 
heterocaryons, one spore type greatly outnumbered the other one. 

Spores from HET II yielded only prototrophic colonies. When this hetero- 
caryon was stored at 5°C for six months, its spores again yielded only prototrophic 
colonies. Tuveson and GarBer (1959b) proposed that this anomalous hetero- 
caryon was a diploid in which genetically unlike haploid nuclei had ‘“fused”’ 
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during the period in which the heterocaryon was being formed. Also, it was 
postulated that the initial heterocaryotic mycelium which had been selected for 
transfer included a preponderance of diploid nuclei. To test this hypothesis, the 
component strains were again combined to form the heterocaryon by the same 
procedure. Conidia from the newly formed heterocaryon yielded 112 nic, val 
colonies and 103 his, ade colonies. When 1 x 10° spores from this heterocaryon 
were plated on minimal medium, two prototrophic colonies were obtained. These 
presumptive, diploids have not yet yielded spores with recombinant nuclei. 

PirTrENGER, K1mBALL and Arwoop (1955) have shown that the nuclear ratio 
in heterocaryons of Neurospora crassa bears a simple relationship to the propor- 
tion of nuclei in the inoculum used to produce the heterocaryons. In HET XVI, 
the spores carried only the his, ade nucleus. This heterocaryon was synthesized 
using a spore suspension containing equal numbers of spores from each compo- 
nent strain. Spores harvested from this heterocaryon grown on minimal medium 
required histidine and adenine, indicating that the proportion of nuclear types 
in the inoculum did not bear any obvious relationship to the proportions obtained 
in conidia from the heterocaryon. 

HET VII yielded only spores requiring biotin, isoleucine and valine (Table 1). 
It was assumed that the mycelium of this heterocaryon might include a pre- 
ponderance of bio, iv nuclei needed to provide for the adequate synthesis of 
methionine and leucine required by nuclei of the other component strain. To test 
this hypothesis, the heterocaryon was grown on minimal medium supplemented 
with graded concentrations on methionine and leucine and the harvested spores 
were tested for their nutritional requirements (Table 2). The frequency of spores 


TABLE 2 


Nutritional requirements of conidia harvested from HET VII grown on 
supplemented minimal medium 





Nutritional 
requirements 


Concentration 


Component strains of supplements 














Minimal control 104 bio, iv 
.1 mg/ml] met & 74 bio, iv 
.2 mg/ml leu 56 met, leu 
bio, iv— .2 mg/ml met & 53 bio, iv 
met, leu .4mg/ml leu 51 met, leu 
3 mg/ml met & 27 bio, iv 
.6 mg/ml leu 75 met, leu 
4 mg/ml met & 1 bio, iv 
.8 mg/ml leu 102 met, leu 





met = methionine; leu =leucine 
with met, leu nuclei increased in proportion with the concentration of methionine 
and leucine. At the maximum concentration, spores with bio, iv nuclei had almost 
disappeared. These observations indicated that it was possible to alter the selective 
forces present in heterocaryons involving nutritionally deficient mutant strains 


by supplementing the minimal medium. 
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HET VII was grown on minimal medium supplemented with methionine or 
leucine to determine if both compounds were needed to alter the nuclear propor- 
tions. The concentrations of these amino acids were selected on the basis of the 
previous experiment so that approximately equal numbers of nuclear types could 
be expected. According to data in Table 3, leucine but not methionine was effec- 
tive in altering nuclear ratios. 


TABLE 3 


Nutritional requirements of conidia harvested from HET VII grown on 
singly’ supplemented minimal medium 








Concentration Nutritional 

Component strains of supplements requirements 
bio, iv— .2 mg/ml met 104 bio, iv 
met, leu .4mg/ml leu 54: bio, iv 


50 met, leu 





met methionine; leu leucine 


Spores from HET V, grown on minimal medium, required biotin, isoleucine 
and valine; it was not possible to detect spores with the his, ade nucleus (Table 
1). This heterocaryon was grown on minimal medium containing 0.3 mg of 
histidine and 0.015 mg of adenine per ml of medium for 18 days; the harvested 
spores yielded 75 bio, iv colonies and 55 his, ade colonies. 

HET XVI included the same mutant met, leu strain involved in the previously 
discussed HET VII. Spores from HET XVI grown on minimal medium yielded 
only his, ade colonies. This heterocaryon was grown on minimal medium supple- 
mented with the same concentrations of methionine and leucine used in the 
previous experiments with HET VII. The results are summarized in Table 4. At 
the lowest concentration, all the spores carried the formerly “minority” met, leu 


TABLE 4 


Nutritional requirements of conidia harvested from HET XVI grown on 
supplemented minimal medium 





Concentration Nutritional 
Component strains of supplements requirements 


104 his, ade 


Minimal control 














.1 mg/ml met & 104 met, leu 
.2 mg/ml leu 
his, ade— .2 mg/ml met & 104 met, leu 
met, leu .4mg/ml leu 
3 mg/ml met & 6 his, ade 
.6 mg/ml leu 98 met, leu 
4mg/ml met & 102 his, ade 


.8 mg/ml leu 





met = methionine; leu= leucine. 





ALTERED NUCLEAR RATIOS 489 


nucleus. Not until three times the lowest concentration of each supplement had 
been added to the minimal medium was it possible to obtain spores with the his, 
ade nucleus. Finally, heterocaryons grown on the maximum concentration of 
supplements yielded only spores with the his, ade nucleus. In summary, the 
frequency of spores with the met, leu nucleus did not increase in proportion with 
increasing concentrations of methionine and leucine. 

Attempts to alter nuclear ratios for spores harvested from HET III (glu, pab- 
lys, ade) grown on minimal medium supplemented with graded concentrations 
of lysine and adenine were unsuccessful. This heterocaryon continued to yield 
spores with the glu, pab nucleus even when the medium was supplemented with 
concentrations which were 15 times that required for optimal growth of the com- 
ponent strain requiring lysine and adenine. It is possible that this heterocaryon 
represents a type which is refractory to the manipulation of nuclear proportions 


by supplementing the medium. 


DISCUSSION 


Except for HET II, heterocaryons involving diauxotrophic mutant strains of 
Fusarium oxysporum f. pisi yielded spores bearing a nucleus from either only one 
or predominantly one of the component strains. It has been proposed that this 
situation reflected a very strong selection favoring the nuclei of one component 
strain in the spore-bearing mycelium of the heterocaryon. The factors determin- 
ing the selected or “majority” nucleus are not immediately obvious. Rules cannot 
be formulated at this time to predict which nuclear component will be recovered 
in the spores of a particular heterocaryon. For example, HET XII yielded spores 
with the glu, pab nucleus; only one spore with the bio, iv nucleus was recovered. 
On the other hand, HET XVII yielded only spores with the his, ade nucleus and 
spores with the glu, pab nucleus were not discovered. In addition, notice that in 
HET V the bio, iv nucleus is recovered and that the his, ade nucleus was not 
observed. The nuclear component to be found in spores of heterocaryons of this 
species appears to be determined by the particular component strains used to 
make the heterocaryon. 

According to Prout, HuEBscHMAN, LEVENE and Ryan (1953), the distribu- 
tion of nuclei in heterocaryons of Neurospora crassa involving component strains 
with nutritional deficiencies seems to depend on the particular heterocaryon. By 
their method of plating conidia, it was possible to establish that both nuclear 
components were present in the mycelium of heterocaryons. Since heterocaryons 
of F. oxysporum f. pisi grown on minimal medium usually yielded spores with 
only one nuclear type, the proportion of nuclear types in the mycelium of hetero- 
caryons of this species cannot be determined by plating conidia. 

PirrENGER and Arwoop (1956) have shown that the growth rate of Neuro- 
spora heterocaryons in which the initial nuclear input ratio was relatively ex- 
treme (500:1 to 50:1) was submaximal and that there was no adaptive change 
in the nuclear proportions. Growth-tube experiments with these heterocaryons 
indicated that the nuclear ratio was relatively constant during growth. When 
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changes in growth did occur, they were not adaptive and the nuclei in the 
majority increased in frequency. BEADLE and Coonrapt (1944) had postulated 
that the ratio of the component nuclei in heterocaryons of Neurospora was a 
matter of chance, providing one nuclear type had no selective advantage over the 
other. Furthermore, they suggested that the selected nuclear proportion in hetero- 
caryotic mycelium resulted in optimal growth but that this ratio may have any 
value within very wide limits when the component nuclei were relatively 
“recessive”. 

The initial nuclear input in preparing heterocaryons of F. oxysporum f. pisi 
did not appear to influence the nuclear ratio of the resulting spores. Furthermore, 
heterocaryons seemed to yield spores with only one nuclear type relatively early 
during the growth of the heterocaryon and continued to do so over an extended 
period of time. It is possible that the hyphae closely associated with the substrate 
are heterocaryotic and that the aerial hyhae from which spores are presumably 
derived are homocaryotic for the “majority” nucleus. 

Ryan and LEDERBERG (1946) investigated reverse mutation and adaptation in 
a leucine-requiring mutant strain of Neurospora crassa. Reverse mutation to 
prototrophy resulted in a heterocaryon. When this heterocaryon was grown on 
minimal medium supplemented with leucine, hyphae which originally had 
included some leucine-independent nuclei yielded only spores requiring this 
amino acid. PrrrENGER and Arwoop (1956) found that supplementation was 
ineffective in altering nuclear ratios in heterocaryons involving mutant strains 
with nutritional deficiencies. Adding the nutritional requirements of the “major- 
ity’’ nucleus, however, increased the growth rate of those heterocaryons exhibit- 
ing submaximal growth without altering the nuclear ratio. 

Jinks (1952) investigated a heterocaryon of Penicillium cyclopium involving 
two morphological mutant strains. The heterocaryon “dissociated” on minimal 
medium, When the heterocaryon was transferred from an apple pulp medium to 
one containing minimal medium supplemented with apple pulp, there was an 
alteration in the nuclear ratio. As the proportion of apple pulp increased, the 
frequency of the “minority” nuclei also increased. According to Jinks, the com- 
ponent nuclei differed in their rate of multiplication and the nuclear ratio was a 
function of the type of medium on which the heterocaryon was grown. BuUxTON 
(1954) reported similar observations for a heterocaryon of F. oxysporum f. 
gladioli involving two morphological mutant strains. Media differing in carbon 
concentrations or in carbon nitrogen ratios exhibited a selective effect for one or 
the other component nuclei, that is, the nuclear ratio was altered according to 
the relative concentrations of carbon or nitrogen sources in the medium. 

In certain cases, nuclear ratios in heterocaryons of F. oxysporum f. pisi were 
determined by selective forces that could be altered by supplementing the mini- 
mal medium with the nutritional requirements of the “minority” nucleus. It is 
not clear at this time how supplementation accomplished this alteration of nuclear 
ratios. 

Although HET V and HET VII exhibited an altered nuclear ratio on supple- 
mented minimal medium, HET III was unaffected. Although the “minority” 
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nuclei of HET VII required methionine and leucine, only one of the amino acids 
(leucine) was effective in altering nuclear ratios. Whereas graded concentrations 
of the requirements of the ““minority”’ nucleus common to HET XVI and HET 
VII were related to the nuclear output in spores from these heterocaryons, similar 
concentrations yielded different results for these heterocaryons. These observa- 
tions clearly indicate that it is not possible to predict the outcome of supplement- 
ing the minimal medium with respect to nuclear ratios in heterocaryons of 
F. oxysporum f. pisi. 

The effect of supplementation on nuclear ratios may be a useful tool in obtain- 
ing diploid nuclei in heterocaryons of Fusarium and, perhaps, other imperfect 
fungal species. The probability of a “fusion” of nuclei of different component 
strains would be greatly enhanced if these nuclei occurred in approximately equal 
numbers. 


SUMMARY 


In two of ten heterocaryons of Fusarium oxysporum f. pisi, involving diaux- 
otrophic mutant strains, spores carried nuclei from both of the component strains; 
in seven heterocaryons, spores carried nuclei from only one of the component 
strains. The tenth heterocaryon yielded prototrophic spores which were pre- 
swnably heterozygous diploids. When this heterocaryon was made a second time, 
it yielded spores with one or the other component nuclei in approximately equal 
numbers. 

Three heterocaryons were grown on minimal medium supplemented with 
graded concentrations of the compounds required by the “minority” nucleus. In 
one heterocaryon, there was a direct relation between the concentrations and the 
frequency of the “minority” nucleus; in the second heterocaryon, there was no 
direct relationship; and in the third heterocaryon, supplementation did not alter 
the nuclear ratio. 

The behaviour of heterocaryons of F. oxysporum f. pisi and those of other 
fungal species, principally Neurospora, are discussed. 
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ge etatagp reports from this laboratory (CHovnick, LeErKow1rz and Mc- 

Quinn 1956; CHovnick 1957, 1958a,b) described experiments involving 
assay of segregating X chromosomes from free X females heterozygous for various 
combinations of mutants at the garnet locus (Chromosome 1;44.4). The major 
observations reported may be summarized as follows: 

1. From free X females heterozygous for various combinations of garnet 
mutants, there were recovered g+ (nongarnet) chromosomes. 

2. Such g*+ chromosomes fell into two classes: (a) Those associated with 
recombination for adjacent markers, and (b) A group of aberrant wild types 
noted for the absence of recombination for adjacent markers (or multiple recom- 
bination ). 

3. The recombinational wild types appear with greater frequency than the 
aberrant wild types in pooled data involving several mutant heterozygous combi- 
nations. 

Taking into account differences in mutants used, HextTer (1956, 1958a,b) 
substantially confirmed these observations using attached-X heterozygotes. How- 
ever. the inferences drawn by CuHovnick (1958a) were disputed by evidence 
presented by Hexter (1958a,b), and the nature of the garnet locus left in an 
indecisive state (CARLson 1959). The purpose of this report is to present more 
complete data leading to the inescapable conclusion that garnet is a pseudoallelic 
locus. 

PRELIMINARY EXPERIMENTS 

Females were produced which were heterozygous for all combinations of the 
mutants g', g*, and g°”°. In addition, such females were heterozygous for marker 
genes adjacent to garnet. The markers used in this study, and their locations are 
shown in Diagram 1. 

Assay of segregating X chromosomes of such heterozygous, free X, females was 
made by crossing to males with X chromosomes carrying a garnet mutant and one 
of the closely linked markers. In Table 1, there are recorded data collected in 
three groups of experiments involving an assay of 405,183 segregating X chromo- 
somes from heterozygous females. Most of the assayed chromosomes carried a 


1 This investigation was supported by a research grant, C-4440, from the National Cancer 
Institute of the National Institutes of Health, Public Health Service, and by a research grant, 
NSF-G6431, from the National Science Foundation. 
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dy s 9g pi sd f 


«i, =— a — a 
36.2 43.0 44.4 479 515 567 


Diagram 1 
dy = dusky; s = sable; g = garnet; pl = pleated; sd = scalloped; f = forked 








TABLE 1 


Assay of segregating X chromosomes from free X females of the indicated genotypes 








Nongarnet chromosomes recovered Total 
Female chromosomes 
Group genotype s+ pl s++ +++ dy+pl dy++ assay ec 
1A. sg!-+/-+ g? pl 2 68,051 
B. dy g'+/+ g? pl 1 65,251 
C. dy g'!+ sd/+ g? pl+ iy 1 33,200 
2. s gi9e+-/+ g? pl 2 :* 73,499 
3. dy g! pl/+g5e4 2 2 165,182 
Totals 405,183 





\eferred to in text as starred. 


garnet mutant, and may, or may not have carried one or more of the closely 
linked markers. Twelve exceptional (nongarnet) individuals were recovered and 
successfully bred to verify their X chromosomal constitutions. The nongarnet 
chromosomes thus recovered fell into two classes. Eight possessed marker genes 
which indicated that they arose in association with recombination in the garnet 
region (nonstarred, Table 1). The remaining four nongarnet chromosomes 
(starred, Table 1) possessed markers indicating that their origin is either (1) 
not associated with recombination in the garnet region, or (2) that their origin 
is associated with multiple recombinational events in this region. An interpre- 
lation of these data in terms of recombination within a pseudoallelic locus ordi- 
narily would demand that all of the exceptional chromosomes be associated with 
marker recombination. Restricting attention to those nongarnet chromosomes 
associated with marker recombination (nonstarred, Table 1), the regular be- 
havior of marker movement is consistent with that found in pseudoallelic recom- 
bination. The recombinations of groups 1 and 2 (Table 1) place g*” and g’ to the 
right of g’. The recombinations of group 3 place g' to the right of g’’’. Thus, a 
pseudoallelic order of the garnet mutants may be inferred as shown in Diagram 2. 
, 2 por! , 
=<} I I {= 
Diagram 2 





Support for a pseudoallelic interpretation of the data of Table 1 comes from 


five sources. 
A. Evidence from studies with the mutant, g’: Introduction of a fourth mutant, 


g’, to the study may serve as a test for the pseudoallelic interpretation of the 























COMPLEX LOCUS 495 


preliminary evidence of Table 1. If we are indeed dealing with pseudoalleles, 
then the pattern of recombinations with g’ should be consistent and localize g’ in 
the garnet segment. In Table 2 are summarized data obtained by assaying segre- 


TABLE 2 


Assay of X chromosomes recovered from free X and attached-X females of the indicated genotypes 








Nongarnet chromosomes Total Nongarnet 
recovered from free X experiments chromosomes females recovered 
Female assayed (attached-X 
Group genotype s+ pl s++ +++ dy+pl dy++ free X expts. expts. ) 
4 A. sgi+/+ g*pl + [- i 181.102 
B. sgi+/+ gpl 4/27,770 
C. s g’sd/+ g? 4/71,751 
5. A. + 2° pl/s g50e4 ys 0 22.857 
B. + g? pl /s ioe 3/46,760 
6. A. + g°-+/dy gpl 0 0 0 186,487 
B. sg’? +/dy gpl 0/11,388 
Totals 390.446 157.669 





* Starred types referred to in text. 


gating X chromosomes obtained from free X females. heterozygous for g’ and 
each of the other garnet mutants. In addition, attached-X heterozygous females 
were assayed for each genetic combination. The attached-X data are summarized 
in Table 2 and presented in detail in Table 3. The significance of incorporating 
attached-X heterozygotes into the study is discussed in section D. 

Attached-X heterozygotes were produced by a procedure outlined by WEL- 
sHOoNS (1955), utilizing the duplication, BS. Assay for recombination within the 
garnet region in attached-X heterozygotes essentially follows that described by 
Lewts (1952). Single attached-X females were mated, in vials, to males carrying 
the well-marked Muller-5 X chromosome. The parents were transferred every 
four days to fresh vials for a maximum of four vials/female parent. Verification 
of the specific genotype of each parent, with particular reference to the location 
of the markers was made possible by examination of the types and frequency of 
crossover Classes. 

The data of Tables 2 and 3 summarize results obtained from assaying 548.115 
individuals in three categories of heterozygotes involving g’ and g’, g°’’, and g’. 
There were 18 nongarnet offspring which survived to reproduce. Of these, 13 
possessed nongarnet chromosomes associated with marker recombination, and 
five were aberrant types. not associated with marker recombination. Restricting 
attention to these nongarnet chromosomes associated with marker recombination, 
the following localization of g’ in the garnet segment may be inferred: the group 
4 recombinants (free X and attached-X) are consistent in placing g’ to the right 
of g’. The group 5, attached-X recombinants place g’ to the right of g°’’. The 
complete failure to obtain nongarnet chromosomes from g'/g’ heterozygotes in 
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TABLE 3 


Recombinations in attached-X females 





NON-GARNET OFFSPRING TOTAL 





FEMALE PARENT 
RECIPROCALS NON- REC! PROCALS EXCEPTIONALS 





+ 
” 
+ 
2 
” 
+ 


- 2 wy . Ba WM. bx (2) . : Ke 27,770 


s sd s 2 
71,751 


3 ri “ 
s 7 + o 
c 3 (2) x mM a 
> | 8 + 46, 760 


5 4 2 146, 281 





TOTALS 





both free X and attached-X females consistently places g’ in the region of g’. The 
linkage relations of the four garnet mutants thus far tested may be summarized 


as shown in Diagram 3. 


dy s g= — g° (a g°) pl 
Oo | | | — 


Diagram 3 





B. Evidence from studies with the mutant, g*: A fifth mutant, g"”, serves as a 
novel source of evidence for the pseudoallelic interpretation described above. 
Attempts to mark the g"” bearing chromosome with the closely linked markers, 
s (sable) and pl (pleated) failed repeatedly. A further linkage experiment was 
carried out, and the data are tabulated in Table 4. Here, it is seen that crossing 


TABLE 4 


Suppression of crossing over with g™ 





Percent of recombination 





Female genotype v-g e-f No. 
=2z.. 
5 ge a 10.05 9.27 2685 
vg f 


+ e+ 3.17 0.10 2862 
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over in the regions v—g-f is suppressed drastically in the presence of g”. The 
mutant, dy (dusky) was tested against g”, and recombination was obtained 
(2.13 percent). These data indicate that g", a radiation induced mutant (MULLER 
1946). is associated with a rearrangement whose breaks are to the right of dusky 
and to the left of forked. 

Cytological demonstration of the g" rearrangement is seen in Figure 1. Figure 
1A shows salivary gland X chromosomes of a female carrying a wild type normal 
X chromosome and a chromosome marked with two large inversions, Jn(7 )dl-49 
and In(1)B™'. This latter chromosome may be diagrammed as shown in Dia- 


gram 4. 


In(i)dl49 gq f In(i)B 
L—1— 








Diagram 4 

The dl-49 inversion exhibits a typical inversion loop to the immediate left of 
the garnet region. The B™’ inversion, which involves the heterochromatic region 
between forked (f) and the centromere, is seen as an asynaptic region in Figure 
1A. 

Figure 1B shows the salivary gland X chromosomes of a female heterozygous 
for the g” rearrangement and the chromosome carrying /n(1 )dl-49 and In(1)B™’. 
The inverted region to the right of the dl-49 inversion in this figure identifies g"’. 
To the right of the g” inversion loop lies the asynaptic heterochromatic Jn(1)B™'. 


Ww, 












, we 


Figure 1A—Salivary gland X chromosomes of heterozygote, /n(1)dl-49, v, g*!, In(1)B™'/ 
Ore-R. (1) Jn(1)dl-49; (2) In(1)B™1; (3) garnet region. Figure 1B—Salivary gland X 
chromosomes of heterozygote, In(1)dl-49, v, g*!, In(1)B™1/g. (4) In(1)dl-49; (5) In(i)g". 
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The genetic and cytological evidence presented indicates that g” is associated 
with an inversion leading to suppression of crossing over in the garnet region. 
In the prior discussion, it was inferred that the origin of nongarnet chromosomes 
from mutant heterozygotes is associated with crossing over within a complex 
locus. If this interpretation is correct, then heterozygotes of g” with all other 
garnet mutants should fail to yield nongarnet segregants due to the suppression 
of crossing over in the garnet region afforded by the inversion associated with g”. 
Experiments were run assaying segregating X chromosomes of heterozygotes of 
g” and mutants marking each end of the garnet segment (g* and g’). The assay 
procedure was modified slightly from that used in the free X experiments de- 
scribed above. Heterozygous females were mated to g*p/ males, and assay of X 
chromosomes was restricted to the female offspring. This procedure was necessi- 
tated by the fact that g” hemizygotes and homozygotes are indistinguishable 
from wild type, but g’/g" heterozygotes are clearly garnet in phenotype. In 
Table 5 are presented the results of these experiments. No wild type recombinants 











TABLE 5 
Assay of segregating X chromosomes of females of the indicated genotypes * g? pl males 
Xx | hromosr mes recovered 
Female genotype ot g 
dy g’’+ 
+ g* pl 0 97,841 
dy g” +4 
+ g° pl 0 78,685 
Totals 0 176,526 





were recovered in 176,526 X chromosomes sampled. These experiments provide 
further confirmation of the recombinational origin of the wild types recovered in 
the earlier experiments. 


C. Evidence from studies with the mutant, g*': In Table 6 are summarized 


TABLE 6 


Assay of segregating X chromosomes from free X females heterozygous for the mutant, g*' 





Nongarnet chromosomes recovered 














Died without dies, 
Female genotype st++ +++ progeny assayed 
s geo + 
+ gt! sd Qe 2 ! 132,938 
s gooe 4 
‘dl-49, v, g*!,In BM 0 0 0 122,262 
dy gi + 
+ gt! sd- 0 1 0 266,614 
Totals 521,814 





* Starred types referred to in text 
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data obtained from experiments with a sixth mutant, the spontaneous mutant, 
g’’ (ScHater 1957). From heterozygous females, g°”/g*', five nongarnet indi- 
viduals were recovered in approximately 133,000 offspring. Four individuals 
survived to reproduce, two yielding chromosomes exhibiting marker recombi- 
nation, and two were aberrant types (starred in Table 6). The recombinational 
types place g*’ to the right of g*’’, presumably in the cluster with g’ and g’. 
Further test of g*’ in heterozygotes, g'/g*', revealed the lowest order of recombi- 
nation obtained in this study (Table 6), and places g*’ to the right of the g'—g’ 
cluster. 

Of some interest is a third experiment involving a repetition of the g*!/g°” test, 
with a slight but most significant variation. In this experiment (Table 6) the g* 
chromosome was marked with two large inversions, with breaks adjacent to the 
garnet region (on both sides), drastically reducing crossing over. In this latter 
experiment, it should be noted that nongarnet chromosomes failed to arise in a 
large sampling. This system represents the first garnet heterozygote involving 
g’’* which failed to produce both recombinational and aberrant wild types and is 
most clearly associated with suppression of crossing over in the garnet region. 

These experiments. in addition to the earlier observations, support the notion 
that garnet is a pseudoallelic locus, with the order of markers as shown in dia- 


gram 5. 
¢ : 2 ' 9°) 9 Sl f 
—| | = 


Diagram 5 





D. Recombinational evidence establishing the production of multiple mutant 
recombination products: The data presented above lend support to the notion that 
nongarnet chromosomes, arising from mutant heterozygotes of garnet, are pro- 
duced by a mechanism involving crossing over between adjacent sites, organized 
in a linear fashion, within a complex locus. Such an interpretation requires that 
multiple mutant chromosomes be produced in addition to the nongarnet chromo- 
somes. Thus, if segregating X chromosomes of a pseudoallele heterozygote, g*+/ 
+g’, are examined, then g“ g’ double mutants should be recovered in addition to 
the + + crossover product. From the free X studies, it was impossible to detect 
such double mutant chromosomes. It was inferred that such a chromosome was 
produced, but that double mutants could not be distinguished from single mutants. 

In order to examine this question further, attached-X heterozygotes were 
studied. Methods used in the attached-X study are described in an earlier section. 
The major feature provided by the attached-X females is that one recovers two 
of the four strands involved in a meiotic event. Thus, it is possible to recover the 
double mutant strand (if it is produced) in the same individual possessing the 


nongarnet crossover product. 

In Table 3 are recorded results obtained from three systems of attached-X 
heterozygotes that yielded nongarnet individuals. Reciprocals are those indi- 
viduals possessing both of the strands involved in a crossover. Nonreciprocals are 
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those individuals that possess one crossover strand and one noncrossover strand. 
Individuals classified as exceptionals are nongarnet individuals whose chromo- 
somes show no recombination for the closely linked markers and do not fit into 
the former two categories. It is of interest to note that both of the exceptionals 
recorded in Table 3 arose from the same parent female and may refer to a single 
event. The remaining nine nongarnet offspring arose independent of each other. 

In Table 3, the garnet-bearing chromosome of each nongarnet attached-X 
female is recorded as g’. If the reciprocals did arise by recombination between 
garnet mutants, then the g” chromosome should carry the respective double 
mutant types. The garnet-bearing chromosome of each nonreciprocal should 
carry the mutant g’ in all three systems studied if g’ is located to the right of g* 
and g°”°. 

From experiments with attached-X females, heterozygous for g*”’ and g’ (third 
row, Table 3), three nongarnet females were recovered. These females were 
mated individually to Muller-5 males, and female offspring scored for recombi- 
nations between the attached-X chromosomes. In this fashion, the presence and 
distribution of markers in these females were ascertained. On this basis, two of 
the three wild types were classed as reciprocal recombinations and should possess 
both g°’° and g’ on the garnet-bearing chromosome. Continued mating of such 
females to Muller-5 males yielded a male possessing the g* bearing chromosome, 
resulting from a detachment of the attached-X chromosomes in the female parent. 
This detached chromosome, labelled GEX-D1, served as the basis for the experi- 
ments described below. 

From free X experiments described in a prior section, it was inferred that 
double mutants were produced, but that these were phenotypically indistinguish- 
able from the single mutants. Observations on the garnet phenotype of the GEX- 
D1 chromosome are consistent with such an interpretation. Although g*’’ and g’ 
are distinguishable from each other, the garnet phenotype of the GEX-D1 
chromosome is not readily separable from either mutant by microscopic exami- 
nation. 

If GEX-D1 does carry the double mutant, g*’’g’, then confirmation might be 
attempted. Production of heterozygotes g°’° g’/ + +, and examinations for cross- 
overs should produce a separation of g*’’ and g’. However, this experiment is 
technically not feasible due to the impossibility of distinguishing rare single 
mutant crossovers from the double mutant segregation product in mass cultures. 
An alternative experiment, based upon the following logic was carried out. If 
GEX-D1 does carry the double mutant, g°’’ g’, then assay of GEX-D1/g’ and 
GEX-D1/g°” should fail to yield wild type recombination products, since such 
females are homozygotes for g’* and g’’’ respectively. In contrast, GEX-D1/g’ 
females should yield wild types since these females are + g*”’ g’/ g* + +, accord- 
ing to the hypothesis under consideration. The results of this experiment are 
summarized in Table 7. If GEX-D1 is g°’’, then GEX-D1/g* heterozygotes are 
expected to yield g+ offspring with a frequency of 3.20 x 10° (corrected for 
attached-X data, Table 3), and GEX-D1/g’*” should yield no g+ recombinants. 
Similarly, if GEX-D1 is g’, then GEX-D1/g°”* should yield g* offspring with a 
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TABLE 7 


Test of putative double mutant, GEX-D1. Assay of nongarnet recombination products 
from heterozygous females of indicated genotypes 








Female parent g* offspring No. 

GEX-D1/g° es “s 143,737 
GEX-D1 /g5e 0 130,209 
GEX-D1/g? 2 39,867 
Total 313,813 





frequency of 3.20 x 10°, and no g*+ offspring should emerge from GEX-D1/g’. 
As indicated in Table 7, both heterozygotes failed to yield g+ offspring in large 
samplings. Utilizing a five percent Poisson confidence limit for a null event, the 
maximum possible frequency of g+ production from GEX-D1/g*” heterozygotes 
are 2.08 x 10° and 2.30 * 10° respectively. On the basis of these data, it is con- 
cluded that GEX-D1 does carry the double mutant, g°’°g’. 

Further support for this conclusion is seen from the GEX-D1/g? cross, which 
demonstrates that heterozygotes between GEX-D1 and garnet mutants at a differ- 


ent site are capable of yielding g* offspring. 


E. Phenotypic identification of double mutant: Simultaneous with the experi- 
ments described in section D, another series of studies were conducted in an 
attempt to distinguish the eye-color phenotypes of double and single mutants 
using spectrophotometric examination of extracted eye pigments. Although 
several procedures were used to study several pigment components, this report 
will restrict attention to one component. 

The solvent used in these studies was 30 percent aqueous ethanol acidified to 
pH-2 with HC] (Epurussi and Herotp 1944). Flies were decapitated, the mouth 
parts removed, and the head capsule suspended in solvent for 24 hours at 25°C 
in the dark. Each preparation consisted of 20 heads suspended in 3 ml of solvent. 
Only offspring emerging during the first three days from uncrowded cultures 
grown at 25°C were used in this study. Newly emerged adults were collected and 
aged on fresh food for two, five, and ten days at 25°C. A group of unaged flies 
are newly emerged adults extracted within a four-hour period following collec- 
tion. 

Figure 2 illustrates a typical set of data showing the UV absorption of extracts 
of several eye-color mutants taken from five-day aged flies. A component, with 
an absorption peak at 275 my is found, in large quantity, in the mutant se (sepia) 
as described by Forrest and MircHeu (See Review, 1954). This component is 
present to a lesser degree in v (vermilion) and Ore-R (Oregon-R, wild type) 
flies, but is absent in young flies carrying the mutants w (white) or bw (brown). 
Small quantities of this component appear in flies of the latter two genotypes as 
they age. 

In Figure 3, it should be noted that the 275 mp component is affected by the 
garnet mutants to varying degrees. The mutant g"” exhibits consistently greater 
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Figure 2—Ultraviolet absorption spectrum of extracts from five-day aged females of Oregon-R 
and several eye-color mutants, Abscissa: Wave length in millimicrons. Ordinate: Extinction 


Coefficient « 10'. 


absorption at 275 my» than either vermilion or Oregon-R. All other garnet mutants 
show reduction of this component as compared to Oregon-R or vermilion. 

Table 8 summarizes data which provide a phenotypic distinction of the double 
mutant, GEX-D1 (see section D) from both single mutants g’ and g*’’. It is noted 
that the mutants white and brown possess none of the 275 mp» component under 
the procedures used in this study. 

An examination of the time course of development of the 275 mp component 
reveals that the mutant g*”* starts at emergence with substantially greater quanti- 
ties of this component than either g’ or GEX-D1 (which are indistinguishable). 
The mutant g’ shows increasing amounts of this component in time approaching 
a value near that of wild type and vermilion (Figure 3). This fact may be related 
to the observation that g’ flies approach wild type as they age, and that visual 
separation of g’ from wild type becomes more difficult in older flies. The ten-day 
readings separate g’ from the low values seen for both g*’”’ and GEX-D1. 

The experiments reported in this section, distinguishing the GEX-D1 chromo- 
some from the single mutants g’ and g*”’, support the conclusion drawn in section 
D that GEX-D1 does contain the double mutant g*’’g’. Moreover, these experi- 
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ments (section D and E) are consistent with experiments described in earlier 
sections leading to the conclusion that garnet is indeed a pseudoallelic locus. 


DISCUSSION 


[t is appropriate to attempt a reconciliation between the evidences presented in 
this report, establishing the pseudoallelic nature of the garnet locus, with the 
contradictory inference drawn by Hexter (1958a,b). Working with three series 
of attached-X females, heterozygous for three different combinations of garnet 
mutants (and adjacent markers), Hexrer recovered nongarnet females with 
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TABLE 8 


Time course of development of 275 mp component in males of indicated genotypes 





O.D.* at varying ages (days 


Genotype 0 2 5 10 
w .000 .063 .073 
bw .058 .084 .090 
gree 272 240 .234 .180 
GEX-D1 Ave 170 .188 .140 
g° 187 .210 .284 420 





* O.D.= Optic density 
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frequencies similar to those reported from this laboratory. When the distribution 
of adjacent markers was studied in the exceptional females, these females could 
be classed into the two “typical” recombination classes and a class of “excep- 
tionals”. Table 9 summarizes Hexrer’s data and indicates the observed recombi- 


TABLE 9 


Recombination frequencies between garnet mutants adjusting for attached-X data* 














Adjusted recombination Adjusted recombination 
Mutants frequency using all frequency using only 
tested wild types recovered “*typical’’ recombinant classes 
ge-gisd 2.54 x 10-9 2.54 Xx 10-5 
g*-g'** 2.63 x 10- 2.10 x 10-5 
gi-gisd 3.0 x 10-5 2.0 x 10-5 
Pooled 2.68 « 10-5 2:93 x 16-5 





* Calculated from Hexrer (1958). 


nation frequencies (assuming pseudoallelic recombination) adjusted for attached- 
X females to compare with free X frequencies recorded in Table 10. 


TABLE 10 


Results of tests of presumed double mutant chromosomes* 





Mutant chromosomes Observed Max. frequency 
teste recombinations 5% Poisson conf. interval 

gid gp? 0/ 90,104 3.33 x 10-5 

gisd gi 0/153,994 1.95 x 10-5 

giid gs 0/115,304 2.60 x 10-5 

Pooled 0/359,403 1.67 x 10-6 





* Calculated from Hexrer (1958). 


A putative double mutant chromosome was detached from each of the three 
systems tested, and an experiment designed to verify the double mutant nature 
of these chromosomes was conducted. This experiment attempts to recover one of 
the single mutants, g’’“, in further recombination experiments using free X 
heterozygotes of the putative double mutants. Failure to recover the single mutant 
was recorded in all three systems, and these data are summarized in Table 10. 
The maximum frequency of recombination, calculated by constructing a five 
percent Poisson confidence interval for a null event, is indicated for each class. 
Comparison of these frequencies with the observed frequencies of Table 9 reveals 
that two tests are insignificant, and the third is barely significant. Nevertheless, 
the pooled data are significant and support HExTER’s conclusion. 

It is pertinent, next, to inquire into the validity of the following assumptions 
underlying these experiments: 

(1) The frequency of recombination between a pair of closely linked pseudo- 
alleles in a derivative double mutant chromosome is equal to the frequency of 
recombination between these same pseudoalleles when originally tested for re- 
combination. 





COMPLEX LOCUS 505 


(2) In assaying male offspring of the free X pseudoallele heterozygote, g°*¢ g*/ 
+ +, it is possible to distinguish rare g**¢ + recombination products from the 
g’*? g* nonrecombinant. 

While extensive classic linkage data does support the first assumption in 
general, there is little data bearing on systems exhibiting such close linkage as 
seen in pseudoallele tests. Cartson (1958) has collected data of some interest 
(Table 11). Working with the ’o* and ’v? pseudoalleles of dumpy, CarLson 


TABLE 11 


Repeated recombination tests between pseudoalleles in cis and trans derivative chromosomes 





Percent recombination 








‘o®'v* ed-cl No. 
Cis, .0587 5.034 6813 
Cis, .0377 5.240 5305 
Trans, .0308 6.500 3246 
Trans, .1421 4.415 11256 





recovered a double mutant chromosome, subjected it to recombination tests (Cis, ), 
then recovered both single mutants and subjected them to recombination test 
(trans,). Once again, he extracted a double mutant chromosome which was 
tested (cis.) and recovered another pair of single mutants which were tested 
(trans. ). In this experiment, recombination was scored for all markers including 
the outside markers ed (echinoid) and c/ (clot). It should be noted that the 
recombination frequencies between the ’o*? and ’v? pseudoalleles vary signifi- 
cantly, and that such variation is not due to a general effect on recombination in 
the region marked by the ed and cl markers. Moreover, viability differences 
among the different mutant combinations are excluded by comparison of the cis 
tests and the trans tests. Thus, in trans, and trans., the same mutant combinations 
score identical recombination classes, yet there is more than a fourfold difference 
in recombination between the pseudoalleles. Similar experiments using pseudo- 
alleles at the white locus have been reported by ALTENBURG and ALTENBURG 
(1959). Although these experiments provide no critical basis for an understand- 
ing of the factors responsible for variation in recombination frequency, they do 
indicate, quite clearly, that caution should be exercised in assaying the signifi- 
cance of recombination frequency data when dealing with small distances. 
With respect to the second assumption underlying HexTer’s experiment, it is 
suggested that while g°** (orange eye phenotype) may be distinguishable from 
the double mutant (brownish eye phenotype) when flies of the two strains are 
compared, a rare g°** recombinant might not be distinguishable under the con- 
ditions of this experiment. Garnet mutants studied in this laboratory show clear- 
cut differences from wild type (with the exception of g”) and some differences 
among themselves. Restricting examination to young flies grown under optimal 
conditions, it is indeed possible to distinguish the lighter (more orange) mutants 
from the brownish mutants. However, the lighter mutants darken somewhat with 
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age and when grown under crowded conditions. Assuming that g*’? is clearly 
distinguishable from the double mutant at all ages, and when grown in crowded 
cultures, two further questions are of some interest: (1) If rare g**4 recombination 
products are formed, might cross-feeding play a role in altering their phenotypes 
sufficient to prevent distinction from the double mutant? (2) Might there be a 
maternal influence such that the rare g**’ recombinants cannot be distinguished? 

In this report, emphasis is placed upon evidences leading to the conclusion that 
garnet is a pseudoallelic locus. In addition to the recovery of typical recombinant 
classes of offspring from mutant heterozygotes, chromosomes were recovered 
which showed no recombination (or multiple recombination) for adjacent 
markers. A detailed consideration of these aberrant individuals will be reported 
separately. 

SUMMARY 


In a series of experiments assaying the offspring produced by free X females, 
heterozygous for various mutants at the garnet locus, two classes of exceptional 
offspring arose: (1) a class carrying a nongarnet chromosome, associated with 
recombination for markers close to garnet, and (2) a class carrying a nongarnet 
chromosome, not associated with marker recombination (or excessive recombi- 
nation). 

Restricting attention in this report to the first category of offspring, evidences 
are presented which lead to the conclusion that garnet is a pseudoallelic or com- 
plex locus with four separable sites in the order indicated in Diagram 5. 

The nature of these evidences are: 

1. Consistency of marker recombination in data leading to a consistent order- 


ing of the mutants. 

2: Association of the origin of the exceptional classes with a recombinational 
event. Suppression of crossing over in two experiments leads to the suppression of 
exceptional offspring. 

3. Production and confirmation of double mutant chromosomes. 

An attempt is made to reconcile these data with reports by HextTer (1958a,b) 


denying the pseudoallelic nature of garnet. 
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bade recently, V-type position effects were known only in Drosophila and 

Oenothera (see review by Lewis 1950). Last year, we reported the first two 
cases of V-type position effect in a mammal, the mouse (RussELL and BANGHAM 
1959). It was tentatively concluded that these were due to X-autosome translo- 
cations. Further work (RussELL and BANGHAM 1960) has supported this con- 
clusion. The present paper will present the results obtained to date in experiments 
involving these first two cases, as well as a third one which has been investigated 
by us since then. 

All three of the original variegated mutants arose in the course of specific locus 
mutation rate studies (RussELL 1951; RussELL, BANGHAM and Gower 1958) and 
all were the offspring of irradiated wild-type males mated to females homozygous 
for seven recessive visibles (a = nonagouti, b = brown, c = chinchilla, p = pink 
eye, d = dilution, se = short ear, s = piebald). As will be shown, the three cases 
involve variegation of the wild-type alleles at the b, c, and p loci, respectively. In 
two of the cases (b and p locus variegation), the mutant was sired within the 
first week following irradiation of the father, so that it can be assumed that the 
genetic change was induced in spermatozoa; in the third case (c locus variega- 
tion), the cell stage of induction may have been spermatocytes, spermatids, or 
spermatozoa. All three of the original variegated mutants were females which 
were clearly partially sterile and which transmitted variegation to their daugh- 
ters. 

Variegation involving the brown locus has been studied in considerably more 


detail than the other two cases and will be discussed first. 


I. VARIEGATION INVOLVING THE b Locus 


A. Progeny of variegated females; interpretation 


The original mutant, on mating to a brown male, produced offspring of three 
types: variegated, wild type, and brown. The distribution is shown in Table 1. 
Almost all of the F, of the mutant were tested with brown mates and gave the 
following results: brown animals of both sexes in turn produced only brown 
progeny: wild-type animals produced wild-type and brown progeny in approxi- 
mately equal numbers; the variegated daughters, which, it should be noted, 


1 Operated by Union Carbide Corporation for the U.S. Atomic Energy Commission. 
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were all clearly partially sterile, yielded progeny classes similar to those produced 
by their mother. Subsequently the stock has been maintained by continuously 
outcrossing variegated females to homozygous brown males. The results of all 
such matings are shown in Table 2. 


TABLE 1 


Progeny of the original brown-variegated mutant female and a homozygous brown male 

















Variegated Wild type Brown 

4 . ‘; 9 2 g » g 
Fertile 0 1 0 7 2 
Partially sterile 9 0 1? 0 1 
Sterile - 0 + 0 1 0 
Not fertility tested 0 3 0 0 0 
Total 0 9 8 1 5 3 

TABLE 2 
Offspring of brown-variegated females outcrossed to b/b males 

Variegated Wild type Brown 
Fertile 0 3 27 9 48 
Partially sterile 64 0 9 0 16 
Sterile 2 12 0 2 1 
Not fertility tested - 209 263 9 325 287 
Total 0 275 278 45 336 352 





It should be noted that all variegated animals are females. Such animals are 
mottled with small brown areas irregularly interspersed with wild type. It can 
roughly be estimated that from 40-90 percent of the total fur is brown. Of 66 
variegated females which were tested for fertility none was fully fertile and 
almost all were partially sterile. (The percentage of completely sterile variegated 
females, 2.7 percent, is not out of line with the proportion of female sterility 
found in many stocks of mice.) Average size of litters from the 64 partially 
sterile variegated females is 3.8, and the range for individual females is 1.8—5.0, 
with about three quarters of the females having average litter sizes in the range 
from 3.0 to 4.5, inclusive. By contrast, the average litter size for 32 fertile females 
in the stock is 7.9, with a range of 5.7-11.0. The average size of litters from the 
original mutant was 3.4. 

Brown progeny are about evenly divided between the sexes and the bulk of 
those tested for fertility are fully fertile, with a few of the males sterile and some 
of the females partially sterile. On the other hand, the sex ratio among the wild- 
type progeny is very uneven. The bulk of the males tested are sterile and the bulk 
of the females fertile. Test matings to brown mates gave results similar to those 
found for the F, of the original mutant: brown animals of both sexes produced 
only browns (a total of 475); the wild-type males produced 83 brown and 87 
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wild-type young; and the fertile wild-type females produced 520 brown and 500 
wild-type young, of which, in turn, 39 were fertile and one partially sterile. The 
partially sterile wild-type females will be discussed in a separate section (see 
section I.E). 

The results discussed in this section and in sections I.B and I.C fit the interpre- 
tation which is outlined in Figure 1. According to this interpretation, variegation 
involves a reciprocal translocation between chromosome 8 and the X chromo- 
some, the break in chromosome 8 being in the proximity of the b locus (which 
carries the wild-type allele). Variegated females are assumed to be heterozygous 
for this translocation. Their progeny may be explained as follows. (a) Unbal- 
anced gametes do not ordinarily contribute to the surviving progeny but cause 
embryonic death and, thus, are the cause of the partial sterility of the variegated 
females. (b) Balanced gametes carrying the intact chromosomes produce fertile 
brown sons and daughters. (c) Balanced gametes carrying the reciprocally trans- 
located chromosomes produce daughters that are variegated and partially sterile; 
and sons that, instead, are nonvariegated (i.e., wild type), and completely 
sterile. (In preliminary studies, OAKBERG (private communication) finds that 
the sterility is due to degeneration of primary spermatocytes in pachytene.) (d) 
Crossing over between the brown locus and the break point gives (i) wild-type 
young which carry the intact chromosomes and are, therefore, fertile; and (11) 
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Figure 1.—Interpretation for the origin of brown-variegation and for the progeny of brown- 
variegated females crossed to b/b males (see text sections I. A, B, C). 
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brown translocation bearers, which are partially sterile, if female, and sterile, if 
male. Crossover frequencies will be discussed in section I.C. 

Nondisjunction of the X’s might be expected in appreciable frequency if the 
break in the X were near the centromere. This event would produce—in addition 
to duplication and deficiency types—the following progeny: (a) brown XO 
females (intact chromosomes) ; (b) animals carrying the reciprocal translocation 
plus two intact X’s, i.e., of an XXX constitution (not known whether viable, 
but, if so, probably variegated females); and (c) animals carrying the reciprocal 
translocation and of the XXY constitution. The latter would be viable males of 
normal size and with normal development of the external genitalia (RussELL 
and Cuu 1961). By the reasoning outlined below (sec. I.E.3), they should be of 
variegated phenotype. Such a class has not been found; and there is additional, 
independent evidence (sec. I.C.2) that it is not produced with appreciable fre- 
quency, if at all. Although class (a) could be among the brown semisterile 
females and class (b) among the variegated females, the absence of class (c) 
would argue that the frequency of nondisjunction of the X is not appreciably 
increased by the X;8 translocation.’ 

Some evidence that animals carrying the reciprocal translocation may be 
slightly less viable than their nontranslocation sibs can be derived from the data 
of Table 2. If viability were equal, the number of wild-type males should equal 
the number of brown males. Actually, there are only 83 percent as many wild- 
type males as there are brown males and the difference from equality is signifi- 
cant. The bulk of the former class, of course, consists of translocation bearers, 
while only a relatively small proportion of the latter class is of that type (as the 
result of crossing over between the break point and the b locus). In the case of the 
females, the data go in the same direction but the difference is much smaller and 
not significant. The corresponding comparison here is that of the variegated plus 
wild-type classes versus the brown class, a ratio of 320 to 352. It is the relatively 
greater inviability of the male translocation bearers which accounts almost en- 
tirely for the fact that the over-all sex ratio is slightly in favor of females (614 


males to 672 females). 
B. Proof of variegated-type position effect 


In view of the fact that we were dealing with a case unprecedented in mam- 
mals, it seemed necessary to bring formal proof that it is the rearranged position 
of the wild-type gene at the b locus—rather than the structural heterozygosity 
or a permanent change in b+—that causes variegation. The procedure followed 
was modelled on that used by DuBININ and Stporov (1935) for hairy variegation 
in Drosophila. The ultimate aim of this procedure is substitution of a wild-type 
gene derived from a normal chromosome for the presumably rearranged wild- 
type gene that is variegating (see Figure 2). 

In the first step, b was introduced into the rearrangement through crossing 


2 Note added in proof: Cattanach (Genet. Res. 2: 156-158, 1961) has recently described XXY 
males in a stock carrying a presumed sex-linked rearrangement. 
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CROSS FEMALE PROGENY 
non-c.0o. c.o. 
t 
(1) R(b’)/b& X b/be Rb’)/b b/b ~—sR&)/b_—séi /b 
von 6 b-ps  wi-f 


(2) R(b)/b% X b/bY ¢ R)/bY b/d R)/b” ib’ /b 


wt-ps _ wt-f wt-ps _ wt-f 


(3) R(b)/b’ 2 X b/bet R(b)/b  b’/b—s Rb’ )/b_—b/b 
b<g 0 ae. ee . 





Figure 2.—Procedure used for proof of V-type position effect in brown-variegation. Only the 
female progeny of each cross is shown. Those segregants of each cross which are used in the 
subsequent one are marked with an asterisk. The phenotype is indicated under each genotype 
as follows: v variegated, b = brown, wt = wild type; f — fertile, ps = partially sterile. 
over (the required crossover class being detected through fertility tests among 
the brown daugters of variegated females mated to brown males). The second 
step was to place this rearranged b opposite the wild-type allele in an intact 
chromosome (which, in Figure 2, is designated with a prime to distinguish it 
from the b+ that was originally in the rearrangement). The fact that the hetero- 
zygotes turned out to be phenotypically wild type, rather than variegated, proved 
that it is not structural heterozygosity that causes variegation, since the R(b) /b*+ 
and R(b+) /b types are structurally equivalent and both heterozygous for b. In 
the final step, the b+ from the intact chromosome was introduced into the re- 
arranged one through crossing over. Variegated, partially sterile females were 
again obtained, proving that it was the rearranged position of the b+ rather than 


any change in the b+ that caused the original variegation. 


C. Linkage 


1. Linkage with the X chromosome: The types of progeny produced by varie- 
gated females (see Tables 1, 2) give strong indications of sex linkage. More 
recently, it has been possible to confirm the indications with direct genetic evi- 
dence. Linkage experiments were carried out with the sex-linked, dominant 
marker Tabby, Ta, one of the few in the mouse that can be introduced through 
ihe male. Brown-variegated, heterozygous Ta females were produced and were 
mated to brown hemizygous Ta males. Sixteen classes were expected from such 
a cross, namely, the eight classes shown in Figure 1, each segregating for Ta. 
Figure 3 shows diagrammatically the alternative expectations for X independence 


and X linkage, respectively. 
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Figure 3.—Types of progeny from a cross of T(b*; Ta*)/b; Ta/+ 2 X b/b; Ta/Y ¢: 
expectation for X chromosome independence and X linkage, respectively, and observed result. 

If the X chromosome is not involved in the translocation, one expects equality 
of Ta segregation within each of the coat-color classes, as shown on the left side 
of the diagram, If, on the other hand, the translocation involves the X, one would 
expect the distribution shown in the right half of the diagram. Since Ta/Ta can 
be distinguished from 7a/+ without difficulty, and Ta/Y from +/Y, eight classes 
of segregants can be classified without the further subdivision arrived at through 
fertility tests. The actual numbers of animals obtained in these eight classes are 
shown in the bottom right-hand corner of the figure. It is obvious that the bulk 
of the females are brown Ta/Ta, and variegated Ta/+; and the bulk of the males 
are brown Ta/Y, and wild type. This distribution is the one expected on the 
hypothesis of sex linkage (see right-hand portion of diagram). 

It has thus been proved that brown variegation is due to a rearrangement be- 
tween chromosome 8 and the X. As shown in section J.A, the assumption of a 
reciprocal translocation between these chromosomes fits all the data. 

2. Location of break point: A further breakdown of the classes shown in the 
bottom right-hand portion of Figure 3 into fertility subclasses permits calculation 
of the crossover frequency between the break point and Tabby on the one hand, 
and the b locus on the other hand. The results are shown in Table 3. Crossover 
percentages calculated on the basis of the male progeny only are probably more 
accurate than those calculated on the basis of all tested animals, for the following 
reasons: (a) only 13 percent of the 140 males classified by coat color died before 
fertility test and these were distributed between crossover and noncrossover 
classes approximately in proportion to the totals; (b) the distinction between 
fertile and sterile can be made with considerably greater accuracy than the dis- 
tinction between fertile and partially sterile which has to be made in the case of 
the females. The female data, on the other hand, are complicated in various ways 
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TABLE 3 


Results of the cross T(b*;Ta*)/b:TaQ X b/b; Ta/Y 2 ; and crossover frequencies between break 
point and Ta locus, and between break point and b locus calculated 
from the data (see Figure 3) 




















Females Males 
Ta/Ta Ta/+ Ta/Y +/Y 
Fertility Fertility 
Color type type 
Brown Fertile 45 +242" 5 Fertile a) 3 
Part.ster. 3 6 Sterile 0 9 
Variegated Part.ster. 0 57 
Wild type Fertile 5+52* O Fertile 8 0 
Sterile 6 51 
Crossover frequency Based on: 
* J only all animals 
Break point and Ta locus 7.4% 6.3% 
Break point and b locus 13.9% 13.2% 
* Fertility type questionable due to poor general health of Ta/Ta (see text. sect. I.C2). 


through the presence of the Ta/Ta classes. Thus, the relative inviability of these 
animals led to the death of large numbers of them (indicated by “‘?” in Table 3) 
before they had enough litters to allow an accurate decision as to their fertility 
type. The inclusion of 24 of these questionable animals in the brown Ta/Ta 
(noncrossover) class may—if any of them were, in effect, not wholly fertile— 
have led to an underestimate of crossing over. Furthermore, it should be noted 
that no variegated Ta/Ta females were found. This type may be lethal, which 
would also lead to an underestimate of crossing over. On the other hand, an over- 
estimate of crossing over may be derived from the number of animals assigned 
to the double crossover category on the basis of their presumed partial fertility: 
this partial fertility may be due to the poor general health of some Ta/Ta females, 
rather than an indication of their being translocation bearers. 

In spite of these various complicating factors, the crossover values calculated 
on the basis of all tested animals agree closely with those calculated on the basis 
of males only. Roughly, the frequency of crossing over between the break point 
and Ta locus is 6—7 percent, and between the break point and b locus 13-14 
percent. 

The crossing over frequency between the break point and the b locus can also 
be estimated from the larger body of data in Table 2. The genotypes of brown 
males and females and of wild-type males are not revealed by their coat color 
alone, and only relatively small proportions were fertility tested. However, by 
the interpretation shown in Figure 1, all wild-type females are due to crossing 
over and represent half of the crossover females. An estimate of crossover fre- 
quency can, therefore, be obtained from the ratio of 2x wild-type females/total 
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females, which gives a value of 13.4 percent, in good agreement with the 13-14 
percent calculated from the independent data shown in Table 3. Because of the 
inclusion, in this calculation, of the problematic class of partially sterile wild- 
type females, which will be discussed below (sec. I.E), this figure may be a slight 
overestimate. 

If the frequency of about 13 percent of crossing over between the break point 
and the b locus corresponds to a relatively great physical distance, then the action 
of the position effect must extend over a considerable length cf chromosome 8. 
BakER (1954) describes a V-type position effect in D. virilis acting over a dis- 
tance (in heterochromatin) of one third the metaphase length of chromosome 5. 
Crossing over frequency between the break point and the affected locus was, 
however, low. Distances in euchromatin over which position effects in Drosophila 
have been found to act are quite variable (see reviews by Lewis 1950; HANNAH 
1951). In general, however, the crossover frequencies involved are smaller than 
in the present case of b+ variegation in the mouse. On the other hand, a crossover 
frequency of almost comparable magnitude has been reported in Oenothera 
(CATCHESIDE 1947). 

Tentative conclusions may be drawn concerning the location of the break in 
the X chromosome. 7a is relatively centrally located within the total length of 
32 units that have been mapped for the X chromosome (GREEN and DicKIE 
1959). If crossing over were not affected by the translocation (which, however, 
is unlikely), the crossing over frequency of 6—7 percent between the break point 
and the Ta locus would indicate that the break point lies either between Mo and 
jp, or between Ta and Bn. It is possible that future work will yield a more accu- 
rate location of the break point in the X. Similarly, it will be of interest to map 
the break point in chromosome 8 and to determine whether there is a spreading 
effect to other loci on that chromosome (e.g., misty, 772). 

The results of Table 3, unfortunately, cannot provide the answer as to whether 
translocation has placed the Ta and b loci on the same chromosome, or whether 
each translocated chromosome contains one of these loci. It should be noted that 
there is no obvious position effect on Tat: no patches of fur of the Ta/0 = Ta/Ta 
type were noted on female translocation heterozygotes carrying Ta on their intact 
X chromosome. 

The results shown in Figure 3 and Table 3 support those discussed above (sec. 
[.A) in giving no evidence of XXY males, a class which would be expected if the 
translocation had led to a high frequency of nondisjunction of the X’s. Such males 
would be of the X?“/X+/Y constitution, which has a 7a/+ phenotype (RussELL 
and Cuu 1961). No such animals were found. 


D. Cytology 
Preliminary cytological observations have been made in tissue cultures pre- 
pared from a brown-variegated, partially sterile female and from a wild-type, 
sterile son of a brown-variegated female. 
In these two animals, 17 and 25 cells, respectively, were examined. The modal 
number of chromosomes was 40 (36 cells out of 42). No metacentrics were ob- 
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served. In almost all of the cells, one chromosome of excessive length was clearly 
discernible (see Figure 4). This is assumed to be one of the translocated chromo- 
somes. Whether, corresponding to this, there is a shorter-than-normal chromo- 
some in the complement cannot be stated since no detailed karyotype has as yet 


been prepared. 
prey 
E. Suppression of variegation 


1. Wild-type males: As has already been noted, male translocation heterozy- 
gotes are wild type, while females are variegated. It has been shown in Dro- 
sophila that the presence of an extra Y chromosome can suppress variegation and 
the removal of a Y can enhance it (see reviews by Lewis 1950; Hannan 1951; 
Grew 1959). It was therefore considered not impossible that, in the mouse, the 
single Y chromosome normally present in a male might be sufficient to suppress 





Ficure 4.—Chromosomes from a spleen tissue culture preparation of a male mouse presumably 
heterozygous for a reciprocal translocation between chromosome 8 and the X (wild-type, sterile 
son of a brown-variegated female, see text, sections I. A-D). The chromosome which is of 
excessive length (indicated by arrow) is assumed to be one of the translocated chromosomes. 


x 3750. 
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variegation. However, more recent findings, which will be discussed in the 
following section (E.2), have led to a different interpretation, which will be 
outlined in section E.3. 

2. Partially sterile, wild-type females: By the interpretation outlined in 
Figure 1, all wild-type females are expected to be fertile (with b+ on the intact 
chromosome as the result of crossing over). It may, however, be seen from 
Table 2 that of 36 wild-type females tested for fertility, nine turned out to be 
only partially fertile. Three possible interpretations were considered: (a) the 
partially sterile wild-type females are of the expected genotype (intact chromo- 
somes, XX) and the reduced fertility is due to some cause not connected with the 
translocation (e.g., random variations in fertility) ; (b) the partially sterile wild- 
type females are of some exceptional genotype but do not carry R(+); or (c) the 
partially sterile wild-type females carry R(+-) but have some modification in 
their genotype which leads to suppression of variegation. Mating to brown males 
should produce variegated daughters only if the third explanation is correct. 
Actually, of the nine females in this category, only one, female 983, produced 
variegated daughters. Four other females had fewer than six daughters each and 
the results are, therefore, not conclusive for any one female by herself, although, 
as a group, the four females produced eight wild-type and six brown daughters. 
The remaining four females had ten or more daughters each, yielding a total of 
25 wild type to 28 browns. 

On mating the partially sterile wild-type females to Tabby males, two of them 
produced offspring. One of these was female 983 (who had previously thrown 
variegated daughters by a brown mate); the other was female 577 (who had 
given only nonconclusive results from a brown mate, namely, one wild-type 
and two brown daughters). Both of these females yielded Ta/0 as well as Ta/+ 
daughters. This result indicates that female 983 and female 577 lack either the 
whole intact X chromosome or an X chromosome portion containing the 7a 
locus. In the former case, the chromosome complement could, theoretically, be 
either 8; T(8;X); T(X;8), or 8; 8; X (with the maternal chromosome 8 carrying 
b+ as a result of crossing over). However, the 8; 8; X genotype may be ruled out 
for both females (female 983 had variegated daughters; and female 577’s wild- 
type sons were sterile). For the interpretation of lack of an X chromosome portion 
containing the 7a locus one may consider two possible chromosome complements: 
(a) X; 8; T(8;X). which is the result of the loss of one maternal chromosome and 
represents a deficiency for a portion of chromosome 8 (as well as portion of the 
X); or (b) X; 8; 8; T(-X;8), which is the result of unbalanced segregation of the 
translocation figure in the mother and represents a duplication for a portion of 
chromosome 8 (as well as deficiency for portion of the X). 

These various hypotheses (and subhypotheses, depending on the location of the 
Ta and b loci relative to each other and to the centromeres) were examined in 
relation to the results. First and second generation progeny of female 983 by 
Ta/Y and Ta/Y; b/b males fit perfectly the hypothesis that female 983 lacks the 
intact X. The data for female 577 are not yet as good but, so far, fit the same 
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hypothesis. (Under certain assumptions, more complex interpretations can also 
be put on these two cases. ) 

On the other hand, various lines of evidence indicate that three of the other 
seven partially sterile wild-type females probably do not lack either an entire 
X chromosome (chromosome count of 40) or an X chromosome portion (all of 
many tested daughters fully fertile). Results for the remaining four are incon- 
clusive. 

It is thus tentatively concluded that of the five partially sterile wild-type 
females for which some diagnostic data are available, two were probably of the 
chromosome constitution 8; T(8;X); T(X;8); and three may have been of the 
chromosome constitution 8; 8; X; X and were partially sterile for some reason 
not connected with the translocation. 

3. Influence of the sex chromosomes on variegation: In view of the fact that 
translocation heterozygotes with sex chromosome constitutions XO or XY are 
wild type, whereas those with sex chromosome constitution XX are variegated, 
it may be suggested that, in the mouse, two X chromosomes are required to pro- 
duce variegation, and that removal of one X suppresses variegation. This is in 
contrast to the hypothesis mentioned in section E.1, namely, that the presence 
of the Y in male translocation heterozygotes might act as a suppressor of varie- 
gation. In Drosophila, it is generally true that when V-type position effects are 
due to rearrangement of genes from euchromatin to the vicinity of heterochroma- 
tin, variegation is markedly enhanced by the X0 condition (see reviews by Lewis 
1950 and Hannan 1951 for specific references). The present case described for 
the mouse is obviously in the opposite direction. 

It should be noted that one case is known in Drosophila where variegation due 
to rearrangement of the gene /t+ from the proximity of heterochromatin to that 
of euchromatin was suppressed in the XO male (ScHuttz 1936). No information 
exists concerning heterochromatic and euchromatic regions in the chromosome 
complement of the mouse, and it can therefore not be stated whether the case 
described in this section parallels the case of the light gene in Drosophila. One 
respect in which parallelism fails, in any case, is in the phenotype of XY males 
which are wild type in R(b+)/b mice but variegated in R(/t+) //t Drosophila. 
Furthermore, even in Drosophila, no generalizations can be based on the R (/t* ) 
case, since it has been shown that modification by extra Y chromosomes of the 
position effect at the “heterochromatic” ci locus is in the opposite direction from 
that at the /t locus (GrELL 1959). 

If it should be true that two X chromosomes are required to produce variegation 
in R(b*+ )/b mice, this case would parallel, in some respects, the condition found 
for the gene zeste, z, in D. melanogaster, where two doses of an X chromosome 


As 


region including w+ are required to produce the mottled phenotype (Gans 1953). 


F. The lethal effects of the b* rearrangement 


Preliminary data are available concerning the effect of R( b+) in combination 
with lethal mutations at the b locus. Tests have been initiated with seven inde- 
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pendently induced mutations at the b locus, all of which act like b in the combi- 
nations b/b', and +/b', but are homozygous lethal. Brown-variegated females, 
R(b*)/b, were mated to heterozygous brown lethal, b+ /b', males. If the combi- 
nation R(b+)/b' is viable, the expectation among daughters is 1 brown:2 wild 
type:1 variegated. The actual number found were 12:36:3. Even though these 
numbers are as yet small, the results already differ significantly from expectation. 

Two interpretations are possible. (a) It may be assumed that the various cases 
of b' represent point mutations. Under that assumption, one may conclude that 
the rearrangement R(b+) inactivates the b+ allele to a recessive lethal form in 
a sufficiently large number of somatic cells to kill the entire animal when a 
nonviable allele, b', is present on the homologous chromosome. (b) On the other 
hand, if some of the b' mutations represent deletions, rather than point mutations 
(and, since two of the seven were induced in postspermatogonial stages, this is a 
definite possibility), the lethal effect of the combination may indicate that the 
spreading effect extends to additional loci. That is, the rearrangement may 
inactivate genes adjacent to the b locus to a recessive lethal state in a sufficiently 
large number of somatic cells to cause death of the embryo when the homologous 
chromosome carries a deletion for the loci involved. It will be of interest to deter- 
mine, when larger numbers become available, whether the different b' mutations 
give different degrees of lethality in combination with R(b*). 


II. VARIEGATION INVOLVING THE C LOCUS 


Variegation of the c+ gene has not yet been as thoroughly studied as variega- 
tion of the b+ gene. However, the results, to date, are analogous, except for the 
fact that the amount of crossing over between the break point and the c locus 
appears to be considerably smaller than that between the break point and the 
b locus in the case of b+ variegation (sec. I.C). 

Offspring obtained from the outcross of variegated females to c®/c® (chin- 
chilla) males are shown in Table 4. The following analogy to the b+ variegation 
case (see Table 2) may be noted: (a) all variegated animals are females; (b) 
the bulk of the variegated females are partially sterile, and none is fully fertile; 
(c) males are of two types, namely, wild type, with all those tested, to date, 
sterile; and chinchilla, with all those tested, to date, fertile. The testes of the 
sterile males histologically resemble closely those of the R(b+)/b males (see 
sec. .A) (OAKBERG, private communication). 


TABLE 4 


Offspring of c variegated females outcrossed to c°*/c*" males 











Variegated Wild type Chinchilla 

rol fol Q J 5] 

Fertile a 0 0 . 13 3 
Partially sterile - 27 0 ~- 0 0 
Sterile ~ 6 11 oo 0 0 
Not fertility-tested — 28 50 — 78 69 


Total 0 61 61 0 91 72 
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Animals with c locus variegation are mottled with diffuse patches—occasion- 
ally rather large—of the mutant tissue. When c” is carried on the intact chromo- 
some, the mutant patches are of a color closely resembling c“/c. It thus appears 
that the action of the rearranged c+ is completely suppressed to the state of the 
amorph, albino, in some somatic cells. It can roughly be estimated that 40-80 
percent of the fur is of the mutant type, most of the animals being in the 50-60 
percent range. 

The main point in which the case of c+ variegation differs from that of the 
case of b+ variegation is the absence, to date, of crossing over between the break 
point and the c locus. Thus, no wild-type females have appeared; none of the 
fertility-tested chinchillas has been sterile; and none of the fertility-tested wild- 
type males has been fertile. From the data in Table 4 it may be estimated that 
the frequency of crossing over between the break point and the c locus is less than 
1.5 percent. 

In the case of the c+ variegation, animals presumably heterozygous for the 
translocation appear to be relatively less viable than in the case of the b+ varie- 
gation. Thus, there are only about 67 percent as many wild-type males as there 
are chinchilla males, and only about 85 percent as many variegated females as 
there are chinchilla females (roughly corresponding figures in the case of b+ 
variegation are 83 percent and 91 percent, respectively). Furthermore, the ct- 
variegated females are poorer producers than the b+-variegated females: the 
intervals between litters are longer; a larger percentage produce no young at all; 
and among those that do produce young, the average litter size is smaller, namely, 
2.7 (range 1.7-4.0) as compared to 3.9. 


III. VARIEGATION INVOLVING THE Pp LOCUS 


In the third case of presumed V-type position effect, the variegated portion of 
the fur is very much smaller than in the other two cases and cannot easily be 
characterized as to color. Variegated daughters are produced when variegated 
females are mated to p c’/p c” (pink-eyed chinchilla) males, and the stock is 
maintained by continuous outcrosses of this type. Mating of variegated females 
to c/c (albino) males did not produce variegated daughters (in a rather limited 
test, but mating to p/p males did. It is, therefore, concluded that the variegating 
gene is p+. (The gene p has a diluting effect on both the eumelanin and 
phaeomelanin of the coat). 

Offspring produced from outcrosses of variegated females to p c’/p c* males 
are shown in Table 5. Again, as in the other two cases (see Tables 2, 4), all varie- 
gated animals are females. The bulk of these are partially sterile (none is fertile) 
yielding an over-all average litter size of 2.4, with the range for individual 
females being 1.8—3.1. By analogy with the other two cases, the wild-type males 
may be assumed to represent the male translocation bearers. Indeed, all the mem- 
bers of this class that have been fertility tested to date have proved to be sterile. 
The testes of the sterile males histologically resemble closely those of the R( b+) /b 
males (see sec. 1.A) (OAKBERG, private communication). The homozygous reces- 
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TABLE 5 
Offspring of p variegated females outcrossed to p c°"/p c*" males 

Variegated Wild type pcth/p ceh p +/pcch + cp ic 

i ¥ y g $ ¥ , ¥ fof ¥ 

Fertile 0 0 0 10 7 0 0 1 3 
Partially sterile 16 0 0 0 0 0 0 0 0 
Sterile + 16 0 Pe 0 3 0 0 0 

Not fertility-tested 8 30 6 36 32 4 5 2 6 
Total 0 28 46 6 46 39 7 5 3 9 





sive animals of both sexes, which may be assumed to represent segregants bearing 
the intact chromosomes, have, true to expectation, proved fully fertile (however, 
only 17 have been tested to date). The six wild-type females—again, by 
analogy with the b+ variegation case—could represent crossovers between the 
break point and the p locus. On the other hand, in view of the fact that the varie- 
gated portions of the fur are so small in this stock, these six females might merely 
be normal overlaps. Breeding tests should distinguish between these alternatives. 

On the hypothesis of a reciprocal translocation between chromosome 1 and the 
X chromosome (compare the case of b+ variegation), there are three possible 
arrangements depending on the position of the break point relative to the c and p 
loci: (a) the break point may be between the loci, which would result in their 
being separated to two different translocated chromosomes; (b) the order may be 
break point, c locus, p locus; or (c) the order may be break point, p locus, c locus. 
It may be noted that regardless of which of these configurations exists, one 
expects two classes of variegated females: namely, in addition to the noncross- 
over class, which is variegated on a wild-type background, a class which is 
variegated either on a pink-eyed or a chinchilla background. These latter 
animals would represent either crossovers between the loci, or crossovers be- 
tween the break point and one of the loci. The fact that such females have 
not yet been observed within the small p+/p c* and + c“"/p c” classes may 
merely indicate that variegation, which is very slight in any case, cannot easily 
be seen on a lighter colored background. Fertility tests of the p +/p c® and the 

c'/p c* classes, and particularly the males within these classes, should make 
it possible to decide between the three possible configurations of the rearrange- 
ment. Thus, in the case of configuration (b), all p +/p c*" males should be sterile 
and all + c*'/p c* males should be fertile; in the case of configuration (c), the 
situation would be the reverse; and in the case of configuration (a), both classes 
of males might contain a mixture of fertiles and steriles, unless crossing over 
between the break point and one of the loci were very infrequent or nonexistent. 


DISCUSSION 


For many years, V-type position effects have been known in only one animal, 
Drosophila, and only one plant, Oenothera. The finding of such position effects 
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in the mouse increases the probability that this phenomenon will eventually be 
demonstrated in a wide variety of species. 

At the same time it should be noted that all three cases described for the mouse 
may represent a rather specialized mechanism, namely, one which involves sex- 
linked rearrangements. The number of autosome-autosome translocations is 
presumably a large multiple of the number of X-autosome translocations, but no 
V-type position effect has yet been found that does not involve the X. It thus 
appears possible that only the X has the power to produce such effects in the 
mouse. It is even conceivable that this power is restricted to a specific region of 
the X; and, in this connection, it will be important to determine whether the 
breakage point in the X is in the same region in all three translocations. 

It is of interest that a large number of mottling mutations have been reported 
for the X chromosome of the mouse; and that, in fact, the bulk of sex-linked 
mutations of the mouse are of this type. whereas there seem to be no exactly com- 
parable autosomal mutations. The question may, therefore, be raised whether the 
sex-linked mottlings are not due to some kind of position effect. 

In addition to the above points, there are other features, already discussed at 
greater length in the paper, which distinguish the V-type position effects in the 
mouse from those in Drosophila. One of these distinguishing characteristics is the 
consistent phenotypic difference between the sexes in animals heterozygous for 
R(+) and the recessive: while females are variegated, males are wild type. On 
the basis of our finding that XO females heterozygous for R(+) and the recessive 
are likewise wild type. we have suggested that two X chromosomes are required 
for variegation. If true, this would represent a lack of parallelism between mouse 
and Drosophila V-type position effects. 

It should also be noted that in one of the three cases described here for the 
mouse, the crossover frequency between the breakage point and the variegating 
locus is 13-14 percent. This value is higher than crossover frequencies en- 


countered in Drosophila position effects. 


SUMMARY 


1. Three cases of presumed variegated-type position effect in the mouse have 
been described. These involve the b, c, and p loci, respectively. All three were 
induced by irradiation in postspermatogonial stages. 

2. In the case of one of these (b locus), the classical proof has been brought 
that variegation is due to a position effect produced through rearrangement of 
the wild-type allele. 

3. The data fit the interpretation that the rearrangements are X-autosome 
translocations. The most direct evidence for this is the close linkage that has been 
found between the break point and the sex-linked marker 7a in the case of the 


b+ variegation (c.o = 7 percent). 
4. The frequency of crossing over between the variegating gene and the break 
point is high in the case of the b+ variegation (13-14 percent), and low in the 
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case of the c* variegation (< 1.5 percent). No determination has yet been pos- 
sible for the p+ variegation. 

5. In all three cases, the females heterozygous for the translocated wild-type 
gene and the recessive marker on the intact chromosome are variegated and 
partially sterile. Corresponding males are wild type and completely sterile (prob- 
ably as a result of degeneration of primary spermatocytes in pachytene). 

6. At least one female translocation heterozygote has been found which 
lacked the intact X. This XO female was wild type. Since translocation heterozy- 
gotes with the sex chromosome constitution XO or XY are wild type, while XX 
females are variegated, it is suggested that, in the mouse, two X chromosomes 
are required to produce variegation. 

7. Since no case of variegated-type position effect has as yet been found which 
does not involve the X chromosome, it appears possible that only the X has the 
power to produce V-type position effects in the mouse. The question may also 
be raised whether some or all of the many sex-linked mutants that produce 
mottling in the mouse are not due to some kind of V-type position effect. 
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N 1930 R. A. FisHer formulated the fundamental theorem of natural selection 

which states that “the rate of increase in (mean) fitness of any organism at any 
time is equal to its genetic variance in fitness at that time” (FisHEer 1930). Later, 
some modifications and variations of this theorem were considered by WricHt 
(1949, 1955), Crow and Kimura (1956) and Kimura (1958) in attempts to 
interpret the theorem over wider genetic circumstances. 

When the members of a population are mating at random and their fitness 
values do not vary over time, FisHER’s theorem is usually understood to imply 
that the mean fitness will always increase with time and that this increase is 
equal to the additive genetic variance in fitness. In multiple-locus systems, how- 
ever, such interpretations of the theorem may lead one to an incorrect prediction 
of population behavior. With nonallelic interactions and linkages of genes the 
rate of change in mean fitness will be, in general, different from the additive 
genetic variance in fitness. In some cases the mean fitness may actually decrease 
during the course of evolution despite natural selection. 

The objectives of this paper are to investigate the contributions to the change 
in mean fitness made by epistatic genes and to evaluate the effects of linkage 
complication among epistatic genes on such contributions. Some attempts will be 
made to analyze the genetic variance in terms of the partitions of genotypic 
variance associated with epistatic gene action. In order to avoid further compli- 
cations, constancy of fitness values, random mating populations and two alleles 


per locus are assumed. 


The change of mean fitness in a two-locus system 


When genes at two loci, A-a and B-b, are segregating in a random mating 
population, nine different genotypes are present, and their fitness values can be 
assigned as in Table 1. At meiosis such a population produces four different 
gametes, AB, Ab, aB and ab with the frequencies, x, y, z and u, respectively. 
Obviously these frequencies must satisfy the condition, x + y + z+ u= 1. The 
gene frequencies are p = x + y for gene A, (1 — p) = z+u for genea,g=2x+z 


1 Contribution No. 1249 of the Journal Series. North Carolina Agricultural Experimental 
Station. This work has been carried out under Contract No. AT-(40-1)-2798 U.S. Atomic Energy 
Commission, and also supported by a grant from the National Science Foundation. 
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TABLE 1 


The fitness values of all possible genotypic arrays with two loci 





Locus A AA Aa aa 
Locus B 

BB W.. Wi» Woe 

Bb W,, Wi, W,, 

bb Wa Wo Woo 





for gene B and (1 —qg) =» + u for gene b. After many generations of random 
mating the gametic frequencies will satisfy the following relations if evolutionary 
forces are absent: 

x= pq, y =p(i-—q) 

z=(1—p)q, u=(1—p)(1-—q) 
Such a state is called linkage equilibrium. In general, the population is not in a 
state of linkage equilibrium and the deviation from the equilibrium can be 
measured by D = xu — yz, i.e., the difference betweeen the product of the fre- 
quencies of coupling gametes and that of repulsion gametes. 

The primary effects of natural selection due to differential values in fitness 
can be expressed as the rates of change in gametic frequencies at a given time, 
t. Using Malthusian parameters for the measure of fitness (W), Kimura (1956) 
formulated these rates as follows: 


= =2(W,—W) —rW,,D 

.. ae _ mh 

a = PIs W) rW,,D [1] 
ee Wy —rW,,D 

dt 

a. 1(W, —W) —rW,,D 

dt 


where r is the recombination fraction between the two loci, and W,, W,, W:, and 
W,, are the marginal mean fitnesses of the gametes, AB, Ab, aB and ab, respec- 
tively. By virtue of random mating they are easily obtained from Table 2 
The mean fitness of the population, W, is written as 
W =xW,+ yW, + zW, + uw, [2] 
Then, the rate of change in W with respect to time, f, is 
dW, , dW, , dw: dW, 


, a a ae ae” 
Fo et get Wet BW tag ty te tee [3] 


‘ ics ; dW. ; ; 
The derivatives of the marginal means such as — can be written in terms of 








dx dy dz nd du and formula, [3], becomes 


dt’ dt’ dt" dt 
aw =9w, = + W, sy Sw 





dt "dt dt dt ) [4] 
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Since the sum of the rates given in [1] is zero, this sum multiplied by 2W can 
be subtracted from the right-hand side of [4] without change in dW /dt. Then 
the result is 
a5, dx =z, dy =, dz =, du 
2 | (w.—W) 4+ W,— W) = W.—W) —+ (W,—-W i 
bal ae Ms Fl od, at § ii 
. ae  . 2 du . ; i . 
Substituting a >. a and ae given in [1] into the last expression, the rate of 
change in mean fitness is obtained as 
W = = ida _ 
aW— 9 | 2(W.—W)*+ y(W, — W)? + (W.-W)? + u(W,— W)* | 
-2(W,.- WwW, - W.+ W,)WirD [5] 
It is clear that the first term in [5] is twice the variance among the gametic 
marginal means. Let this variance be represented by V,, which may be called 
the marginal variance. Further let a, stand for (W,— W, — W. + W,). Then 
the rate of change in mean fitness is written simply as 2V,, — 2e4,;WurD. The 
first term is always positive, but the second term can be positive or negative, 
depending upon the signs of a, and D. 

If D is positive, there is an excess of coupling gametes over repulsion ones. Now 
suppose that the repulsion gametes are more fit than the coupling gametes on the 
average, then the sign of a4, is negative. The product —a,,D is positive, and the 
result is that the rate of change in mean fitness will be inflated from the rate 
given by the marginal variance. This is the reflection of the situation that when 


TABLE 2 


The mating of gametes, fitness values and frequencies of zygotes with two loci 








Male 
F ' gametes 1h Ab aB ab 
pace r ) z u Means 
W.. W., WwW,» W,, 
AB 2 WwW. 
ad ry @z ru 
W 21 W 0 Wi, Wi 
Ab y W, 
ry ¥y* vz yu 
W ‘3 wae Woo W,, 
aB z Ww, 
Zz vz z? zu 
Wi, W 10 W,, Woo 
ab u Ww, 
ru yu zu u? 
W Ww, w, W,, 
Ww 


Means 
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the less fit types are more frequent than would be expected in a final equilibrium 
population, the process of selection against such types is accelerated. On the other 
hand, suppose that the coupling gametes are more fit than the repulsion types 
in a population with an excess of coupling gametes. Then —a,,D is negative 
and the rate of change in mean fitness is deflated. This reflects the situation that 
with an excess of the better gametes the pressure toward a final equilibrium is 
lessened. The interpretation of formula [5] for the cases with negative D can be 
made in similar fashion. 

An extreme deflation effect may result in an over-all decrease (instead of 
increase) in mean fitness, if the linkage disequilibrium with an excess of gametic 
types which are, on the average, more fit is so large that the positive contribution 
from the marginal variance is overcome by the deflation effect. Such an instan- 
taneous decrease in mean fitness is an interesting exception to the fundamental 
theorem of natural selection. A numerical example of such cases will be found 
in the following section (Matrix 2,D = —0.15 and r = 0.5 in Table 5). An impor- 
tant question in this connection is whether it is possible for continuously evolving 
systems to build up a high degree of linkage disequilibrium which makes the 
magnitude of 2e;,;W,,rD larger than the value of 2V,,. At present there seems 
to be no easy way to give the answer to this question. In the work by LEwontTIN 
and Kosima (1960), however, they pointed out that the values of D could change 
rather drastically over a wide range (the maximum range being +0.25) in 
epistatic systems under natural selection, and their method could be used to study 
this problem numerically. 

The decrease in mean fitness may only be possible in some special instances. 
One such instance is expected when two or more previously isolated populations 
are intercrossed, and a breakdown of a high degree of linkage disequilibrium 
takes place in the presence of previously adapted epistatic complexes. It is not 
known for how long a period of time this decrease can continue. Experimentally 
observations of this nature are reported by Verukuiv (1953), Kine (1955) and 
a few others in the studies of so-called “fitness component characters.” 

Finally one should point out the similarity between equation [5] and WricnHt’s 


i 
equation. —— 


dq ae 

the W’s are frequency dependent selective values of genotypes at a single locus 
(Wricur 1949; Li 1955). If individual gametes in the linkage-epistasis systems 
are considered as multiple alleles at a locus with frequency dependent selective 
values. WriGHt’s equation and equation [5] are equivalent. Lewontin (1958) 
showed that it is possible to have stable equilibria at the points of nonmaximum 
mean fitness in the system with frequency dependent selective values. In turn, 
this indicates that sometimes during the evolution of the population the rate of 
change in mean fitness can be negative. Such a case is in accordance with the 
conclusion of decreasing mean fitness drawn from equation [5 ]. 


, _- ,,dW . ; : , 
= wil + 2fa5” in which f stands for genotypic frequencies and 
q 


Partitions of marginal variance 


An examination of Table 2 shows that the marginal variance, V,,,, is composed 
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of three components. One component is associated with the comparison, (AB 
and Ab) vs. (aB and ab), the second with (AB and aB) vs. (Ab and ab) and the 
third with (AB and ab) vs. (Ab and aB). In terms of the marginal means, they 
are 

(a) ag = (z+u)(2W,+ yW,) — (a+ y) (zW, + uW,) 

(b) ag = (y +u)(2W, + zW.) — (4 +z) (yW, + uW,) 

(c) ass = (W,— W,— W. + W,) 
where a, a; and a4, are the additive comparisons at locus A and at locus B, and 
the additive x additive comparison from both loci, respectively. One of the crucial 
problems in constructing V,,, from these comparisons is that a4, ap and a4, are not 
orthogonal to each other as long as D is not zero. 

The weights which give rise to a set of three orthogonal comparisons among 

the four gametic marginal means are found in Table 3. From these weights the 
three orthogonal components are computed as follows: 


TABLE 3 


Orthogonal weights for partitioning the marginal variance 











Gametes AB Ab aB ab 
Frequencies x Y z u 
Marginal means Ww, W Ww. W,, 

a, (z+ u) (z+u) —(<4-97) —(<+y¥) 
ay y(z+u) —z(z-+u) u(x+y) —wet 7) 
1 1 1 1 
a — —_—- — —_-— — 
iB x Y Zz u 
a, 


(a) additive component at A; 0,7: —~——~— 
p(1 — p) 


Da, 
_ learner) [6] 


(b) additive component at B adjusted for a4; ,7: D? 


g(1—q) ~ pd —p) 





LYZU asp” 

p(l—p)q(ii—q) — DB 

where x= pg+ D, y=p(1—q) —D, z=(1—p)q—D and u=(1i—p) xX 
(1— gq) + D. The sum of the two components, «,? and o,* amounts to one half 
of the total additive genetic variance in the system. The component, o4,*, is a 
part of the additive x additive epistatic variance. The value of V,, is now the 
simple sum of these three components. In summary the fundamental theorem 
for the present situation may be expressed as 


dw oa " 

—— O19 T fox? ~ Qa4znWi,rD [ 7 | 
| dt 

where o,,” and o.,* stand for the additive genetic and additive X additive epistatic 
variances found in the system at the time, ¢, and f is the fraction of the additive 


x additive epistatic variance contained in V,,. 


(c) additive X additive at A and B; o,;”: 
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The inspection of the components in [6] shows that, as D approaches to zero, 
a ioe 2 a,”/p(1 = Pp) 
oR > ap” g(1 ss q) 


o4R° > p(i = P)q(i = q) ean” 
At the limit, i.e., D = 0, these components become exactly the same as those given 


by CockErHAM (1954). Under this condition the fraction, f, in [7] becomes LA 


; ; fia : 
and the rate of change in mean fitness becomes equal to o19” + ae at a given 


time. 
Kimura (1958) presented a fundamental theorem of natural selection which 


was completely general with respect to gene actions, mating systems and variable 
selection coefficients. When the generality in his formulation is reduced to that 
of the present study, Krmura’s theorem states that the rate of change in mean 
fitness is equal to the sum of additive genetic variance and another term due to 
joint effects of epistasis and linkage disequilibrium. It is not obvious whether the 
latter term is equal to fozo” — 2a,;W,:rD in the present formulation. In the sec- 
tion titled “Application to Artificial Selection” in the same paper, Kimura trans- 
lated his theorem for dual epistasis of genes in linkage disequilibrium, and found 
that there existed some contributions from epistasis which were very similar in 
their expressions to the result of the present study. He did not, however, attempt 
to identify the epistatic contributions in terms of types of epistasis. In any event 
it is clear that there exists a variance contribution from epistasis to the rate of 
change in mean fitness, and that this contribution is due to the additive x additive 
epistasis. 

Dr. J. F. Crow has suggested that numerical demonstration of the theorem be 
given. For this purpose it is necessary to use genetic models with discrete genera- 
tions. In such models the rates of change in gametic frequencies given in (1) are 
replaced by the differences between the corresponding gametic frequencies in two 
consecutive generations. Let Az, Ay, Az and Au stand for these changes. Their 
expressions in terms of fitness values, gametic frequencies before selection, and 
recombination fractions are given by Lewontin and Kosima (1960), and they 
are equal to the right-hand sides of the equations in [1], each multiplied by 1/W. 
W’s are now considered as Wrightian selective values rather than Malthusian 
parameters. Corresponding to dW/dt the difference between the means of two 


consecutive generations is 


AW = 5S [2Vin wig QeszsWy,rD | 
W 
or 
“ [o10? ae fore” alls Qa42nW,,rD ] [8] 


On the other hand, the mean fitness of the generation following selection, W’, 
can be obtained by multiplying the fitness values in Table 2 with the new geno- 
typic frequencies, (x’)? = (x + Ax)*, (z’y’) = (x + Ar) (y + Ay), — — -. The 
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difference, (W’ — W). represents the actual change in mean fitness from one 
generation to the next. The values of (W’ —W) and AW do not agree exactly, 
since they are not instantaneous changes. The discrepancy is expressed by the 
quadratic form, Q = gMg’, where g and g’ are the row and column vectors of 
Ax, Ay, Az and Au, and M is the matrix of fitness values in the form given in 
Table 2. Obviously, AW is a linear function of the changes of the gametic fre- 
quencies, while Q is a homogeneous quadratic function of these changes. 


TABLE 4 


Fitness values for the numerical examples 





AA Aa aa AA Aa aa 
BB 1.0 0.7 0.4 BB 0.7 0.8 0.9 
Bb 0.6 0.5 0.4 Bb 0.7 0.6 0.5 
bb 0.2 0.3 0.4 bb 0.7 0.4 0.1 
Matrix 1 Matrix 2 

AA Aa aa 

BB 1 0.7 0.1 

Bb 0.6 0.5 0.2 

bb 0.3 0.5 0.5 

Matrix 3 





Table 4 shows three sets of fitness values to be used in the numerical examples. 
To determine the sets of these fitness values in matrices 1, 2 and 3 the following 
conditions are considered. 

(a) Dominance; Matrices 1 and 2 are arranged in such a way that there is 
no dominance among fitness values. The values in matrix 3 show dominance. 
In multiple-locus systems, no dominance at locus A may be defined as AA-Aa = 
Aa-aa for each of all possible combinations of genotypes at other loci. In matrices 
1 and 2 

AA — Aa = Aa — aa fora given genotype at locus B and 
BB — Bb = Bb — bb for a given genotype at locus A. 


(b) E a“ No epistasis may be defined by 
Wee — Wa — Wiz + Wi, = C22 = 0 


Wa — Wa — Wa + Wy =é21 =0 
Wiz — Wir — Woe + Wor = C2 = 0 
Wi Wi. — Wa + Woo =e: = 0 
according to CocKERHAM (1954). In all matrices given in Table 4, @22. = é:1 = 
€12 = @;, holds for each matrix. Matrix 1 has e = 0.2, Matrix 2 e = —0.2 and 
Matrix 3 e = 0.3. 

The results of computations are presented in Table 5 (free recombination 
cases, r= 0.5) and in Table 6 (linkage cases, r = 0.1). The results generally 
indicate the following: 

(a) AW is a good indicator of (W’ — W), the actual change in mean fitness. 
This holds true for various degrees of linkage disequilibrium and a wide range of 
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TABLE 5 
Numerical demonstrations of the changes in mean fitness with two locus systems: 
free recombination between the two loci (r=0.5 ) 
Matrix 1 2 3 
D* 0.00 +0.15 —0.15 0.00 +0.15 —0.15 0.00 +015 —0.15 
w’— Ww .0620 .0495 .0704 .0487 .1028 —.0026 .0740 =.0423 ~—- 1020 
AW .0600 .0450 = .0709 .0500 8.1078 —.0027 0728 .0371 .0970 
Q .0020 »=.0045 —.0005 —.0013 —.0050 = .0001 0012 .0052 .0050 
0,,27/W .0500 =.0660 =.0295 0417 .0617 .0197 .0504 .0631 .0317 
ov, /W .0600 =.0718 .0368 .0500 = .0670 = .0245 0728 .0753 .0498 
*D= 0.00: r=0.25, y=0.25, z<=0.25, u=0.25 
D=+0.15: x=0.40, y=0.10, z=0.10, u=0.40 
D=—0.15: r=0.10, y—0.40, z<—0.40, u=— 0.10. 
TABLE 6 
Numerical demonstrations of the changes in mean fitness with two locus systems: 
linkage between the two loci (r=0.1) 
Matrix 1 
p* 0.00 +0.15 0.00 +0.15 
Ww — Ww 0620 .0710 .0740 .0727 
AW .0600 0664 .0728 .0676 
Q .0020 .0046 .0012 .0051 
0,,7/W .0500 .0660 0504 0631 
QV, /W .0600 0718 .0728 .0753 
* D=—0.00: 7=—0.25, y=—0.25, z—0.25, u—=0.25 
D=0.15: x=0.40, y=0.10, z=0.10, u=0.40. 


recombination fraction. The existence of dominance does not seem to affect the 


agreement of AW and (W’ 


(b) With linkage disequilibrium and a large value of r, neither o,,?/W nor 
2V,,/W is a good indicator of (W’ 
50") /W becomes equal to AW. 


(o10" Vy, 


J“ 


(c) With a tighter linkage, 2V,,,/W is a good indicator of (W’ — W) usually. 
This is because the adjustment term, W ,,rD, becomes small in magnitude 
as r tends to zero. As r becomes smaller, the two-locus systems approach a one- 


locus system with multiple alleles. With r - 


W), particularly. 


9 


“QB 


W). When D 


0, 2V,, becomes the additive genetic 


variance in a one-locus system with four alleles. 


(d) One of the important findings is given by one of the examples with Matrix 
0.5 (Table 5). In this example (W’ — W) itself is negative. 
Genetically speaking, this is caused by a large negative change in mean fitness 
associated with recombination. More precisely the change in W due to recombi- 
2a1nW,,rD, is negative, and 


0.15 andr 


2,D 


nation in a system with linkage disequilibrium, 


the positive change in W from selection is not large enough to make the total 
change positive, as discussed in the previous section. 





0, however, 2V,,/W, 1.e., 
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The consideration of these findings suggests that the fundamental theorem of 
natural selection may have to be stated in terms of a certain type of genetic co- 
variance among relatives rather than the genetic variance in order to encompass 
general circumstances of epistasis and linkage. In fact, with D = 0 the rate of 


change in mean fitness is 019? + , o29°, Which is the covariance between a parent 


and all his potential offsprings before selection. 


Genetic systems with more than two loci 


In the preceding section the change of mean in a population with two segre- 
gating loci is examined in detail. With more than two loci the number of variables 
such as gene, gametic and zygotic frequencies increase very rapidly. In fact 
there are 2” different gametes and 3” different zygotes when the number of loci 
segregating in a population is 7. Hence, it is straight forward but tiresome to spell 
out the expressions for change in each gametic frequency as was done for the 
case of n = 2. The only new consideration in deriving the change in gametic fre- 
quencies is to consider the contributions from the recombinations at triple, quad- 
ruple, . . . heterozygous loci, in addition to those at double heterozygous loci. 

By the same procedure as the one used for n = 2, the rate of change in mean 
fitness over time is obtained as 

dW OV, —9=W [sr{z i ot = om }] 

= ae ame | oe =(2rizr1 XjXk) (W; W; Wi + W)) 

dt - [9] 
where V,,, stands for the variance among the marginal means of all 2” gametes, 
and W,, for the fitness value of various zygotes with two or more loci being 
heterozygous. x;, x}, 2; and x, are the frequencies of gametes, 7, j, k and /, respec- 
tively. and W;, W;, W;, and W, are the corresponding gametic marginal means. 
The union of the gametes, 7 and /, and that of 7 and k produce the same heterozy- 
gote, (i/) or (jk), of which the fitness value is W,,. It must be noted that there 
are 2”* different zygotes for each double heterozygote at a given pair of loci, 2”~* 
for each triple heterozygote at a given set of three loci, and so forth. The sum- 
mation on the left side of W,, in [9] is taken over all different double, triple, 
.. . heterozygotes. 

R in [9] stands for the recombination fraction. When a double heterozygote 
is given, R represents a single recombination fraction between the two hetero- 
zygous loci. Given a triple heterozygote, say, AaBbCc, R represents one of the 
three recombination fractions (1) between A and B loci but not between B and C 
loci, (2) between B and C loci but not between A and B loci, or (3) between A 
and B loci and simultaneously between B and C loci. Generally the number of 
values R takes for a given h-fold heterozygote is 2?) — 1. The summation on 
the left side of R is taken over all possible recombination fractions for a given 


heterozygote of which fitness is Wy. 

The summation to the right of R is performed over different combinations of 
i, j, k and / for a given heterozygote with a given value of R in such a way that 
the recombinants from the zygote (i/) are j and k, and those from (jk) are i and /. 








536 K. KOJIMA AND T. M. KELLEHER 


As an illustration of the summation procedures, the case of m = 3 is considered 
in the following. Let 1, 2, 3,... and 8, stand for the gametes, ABC, ABc, AbC, 
aBC, Abc, aBc, abC and abc. The number of different zygotes for a given double 
heterozygote, say, AaBb, is 2 in this case; namely, AaBbCC and AaBbcc. The 
same is true for AaCc and BbCc, so that the total number of double heterozygote 
is 6. Now, given the zygote, say AaBbCC, the recombination which is effective 
can occur only between the loci A and B. The number of possible combinations 
of i, 7, k and / gametes is only one, that is, (i = 1, 7 = 3, A = 4 and / = 7). Letting 
the recombination fraction for this case be 74, the contribution from the recom- 
bination in this double heterozygote to dW /dt becomes —2W yr4z (112%; — 1X4) X 
(W,—W,—W,4+W.) or —2Wuraz( 22%, — 2127) (W, —W.— W,+ W.,) where 
H stands for AaBbCC. There exist five similar contributions from the other five 
double heterozygotes. 

Now there is only one triple heterozygote, AaBbCc in the system under con- 
sideration. As remarked before, R can take three values, 743(1 — rec), (1 — ran) X 
rc and r4e%nzc, Where r represents the recombination fraction between the sub- 
scripted loci. Given R =r4g(1—rpgc), one combination is (i= 1, 7 =4, k=5, 
1 = 8) and the other is (i = 2,7 = 3,k = 6,1 = 7).Similarly for each of (1 — riz) X 
ree and r4eFzc, there are two combinations of 7, 7, k and /. The situation may be 
understood by the inspection of Diagram 1, in which all possible gametic combi- 
nations for the triple heterozygote are given in such a way that each combination 
is connected with all others by double headed arrows. Each arrow indicates that 
the combination of gametes connected with it are, reciprocally, recombinant and 
parental types, given the recombination fraction inserted on each arrow. When 
each combination of gametes is considered to be a zygote, then Diagram 1 repre- 
sents the allocation of various types of the triple heterozygote and the recombi- 




















(4, 8) 
ABC 
abe 
tT 
(1—rap) Ec Tapll— TR) 
(2, 7) (4, 5) 
ABc . aBC 
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Tapl! — FRc) (4- Tap) Bc 
; ra 
_AbC 
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Diacram 1.—Illustration of various types of triple heterozygotes and recombinational flows. 
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national flow among them. For example, z,x7; and x.2; are the frequencies of 

_ ABC _, ABc 
types = and BC 
If 2,2, ~ x,x;, then there is a flow from the type with high frequency to the one 
with low frequency, and the rate of the flow is (1 — rag) rec. The same is true for 
all other types connected by the arrows. 

Each of such flows is associated with a contribution to the rate of change in 
mean fitness. Thus, for the flow between -~ and =. the size of the contri- 

abc abC 

bution is —2r4,(1 — rec) (412s — %2X7)Wy(W, — W.— W;+Ws), where W,, 
is the fitness value of the triple heterozygote and (W,— W. — W; + W,) repre- 
sents the average differential advantage of gametes ABC and abc over gametes 
ABc and abC. The number of flows are six in total as shown in Diagram 1. Then 
the total contribution from the recombinations in the triple heterozygote to 


dW /dt is. 


, respectively. If z,7, = x.2;, there is no flow between them. 








QW yy | rani 1 wi Teo) { (2.2 : ii) ( W, a W, 7 WwW, + W:) + (XeX; = Ve%a) 
(W. W. W,+ w.)} 4+ reo(1 — rap) { (x.2.— x21) (W.— W.-W; 
T Ws & (X3X%_ — X4Xz) (W, "4 W, vo W; + W,) } = T asl Bc { (x2. — X3Xe) 


(W,—W,;,—W.+ Ws) + (ret: — 2.25) (W.-W, —-Wst w.)}] where H 


stands for AaBbCc. In this fashion, one can construct the expression for the rate 
of change in W for any number of loci and obtain the general formula given in 
[9]. The terms such as 2W,R(2j2x; — 2jx,) (Wi —W; —W,+W2.) may be 
called correction factors for linkage disequilibrium. 

The marginal variance, V,,, in the theorem given by the formula [9] can be 
decomposed into the components due to the additive, additive < additive, additive 
x additive X additive, . . . gene effects. This variance consists of 2" — 1 compari- 
sons, since there are 2” marginal means. Among these, 7 comparisons are from 
the additive effects at individual loci, (") comparisons from the twofold additive 
effects, (") comparisons from the threefold additive effects, . . . and finally one 
comparison is from the -fold additive effect. 

As already indicated in the two-locus systems, the fractions of the additive 
type components of variance contained in the marginal variance depend upon 
the extent of linkage disequilibria represented by (2;x; — 2j2,) for various com- 
binations of i, 7, k and /. Generally, the expression for V,, may be written as 


n 
2V m = 010° oi feot20" 5 5 fs0%30" eae ee Se = fiorio® [10] 


where oj,” denotes the i-fold additive variance in the system and fj, is the fraction 
of the 7-fold additive variance contained in V,,. When the system approaches 
i-1 


linkage equilibrium, fj) tends to (=) 
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At the point of linkage equilibrium all the terms directly multiplied by (22, 
x;2,)’s drop out, and the fundamental theorem of natural selection states 


dw n 1 i-1 
— =< 9 — = oes Cio? c 
7 aa NS 1 il [11] 


When the population is not equilibrated with respect to linkage, the contribu- 
tions due to the correction factors involving (2,2; — 232.) (Wi — W; — W;.+ W;,) 
to the rate of change in mean fitness are negative if (2;x; — xj;x;,) and (W; — W; 

W;, + W,) have the same sign, and otherwise they are positive. With many 
factors of this kind the rate of change in mean fitness can be much inflated or 
deflated from the rate expected from the size of the marginal variance. When the 
rate of change is deflated, it is possible that a large portion of 2V,, is cancelled by 
the contributions of this kind, so that the mean fitness will not change as much as 
one might predict from the magnitude of the marginal variance. As demonstrated 
for the case of m = 2, it may be possible with a large deflation that the total change 
in mean fitness becomes negative. With a large positive sum for the correction 
factors, on the other hand, the mean fitness will increase faster than the rate ex- 
pected from the marginal variance. As an intermediate situation the positive and 
negative correction factors can cancel each other, and then the rate of change 
becomes approximately equal to the magnitude of 2V,,,. Generally, with a number 
of loci involved in determining fitness of individual organisms, the correction 
factors would tend to cancel and the limiting value of dW/dt would be 2V,. 

Finally it should be noted that the influences of individual correction factors 
from high order heterozygotes such as quadruple ones, on the rate of change in W 
become progressively minute as the number of heterozygous loci increases. With 


—= 


five loci freely recombining, R for any double hetrozygote is “3 while for the 


. 1 . 7 : 
fivefold heterozygote ie: As observed in some of the numerical examples given 
d 


before, the influences of correction factors also become trivial as linkages among 

genes are tightened. When all individual recombination fractions are very small, 

the entire system may be treated as if the system consists of 2” multiple alleles 
n 1 i 

at a single locus. Under such a situation, the marginal variance, >, (>) io’, 


can be considered as one half of the additive genetic variance in the multiple 


allelic system. 


SUMMARY 


The change in mean fitness has been examined with respect to the effects of 
epistasis and linkage disequilibrium in gametic frequencies of fitness genes. With 
random mating it was found that the change in mean fitness was equal to twice 
the variance among the marginal means of all possible gametes plus a series of 
correction factors for linkage disequilibria. The variance among marginal means 
contains the additive genetic variance, and various fractions of all additive type 





——— a 
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epistatic variance such as additive X additive, additive x additive < additive, . . . 
variances in such a way that the fractions become progressively small as the order 
of interaction increases. Individual correction factors may have positive or nega- 
tive signs, so that some of the contributions from the correction factors may be 
cancelled in their summation with the result that the rate of change in mean 
fitness is approximately equal to the variance among marginal means. 

As the degree of linkage disequilibrium is reduced, the change in mean fitness 


1 i-1 : 
tends to 049? + —oou? +...(—) ojo? +... where ojo2 stands for the 7-fold 


additive epistatic variance. When the recombination fractions become very small, 
the magnitudes of the correction factors become trivial and the change in mean 
fitness can be equated to the variance among gametic marginal means which, in 
turn, may be redefined as the additive genetic variance with 2” multiple alleles 
at a single locus. 

It has been pointed out that the mean fitness of a population can decrease in 
spite of natural selection. This was effected by the high degree of breakdown of 
linkage disequilibrium among epistatic genes. Under this circumstance the origi- 
nal statement in the fundamental theorem of natural selection by FisHER must 


be modified to a certain extent. 


ACKNOWLEDGMENT 


The authors wish to thank Dr. R. C. Lewontrn for his criticisms and sug- 
gestions, particularly in the presentation of material on the two-locus system. 


LITERATURE CITED 


CockERHAM, C. C., 1954 An extension of the concept of partitioning hereditary variance for 

analysis of covariances among relatives when epistasis is present. Genetics, 39: 859-882. 
Crow, J. F., and M. Kimura, 1956 Some genetic problems in natural populations. Proc. Third 
Berkeley Symp. Math. Stat. Prob., 4: 1-22. 


Fisner, R. A., 1930 The Genetical Theory of Natural Selection. Clarendon Press. Oxford, 


England. 


Kempruorne, O., 1954 The correlation between relatives in a random mating population. Proc. 


Roy. Soc. London, B 143: 103-113. 
Kimura, M., 1956 A model of a genetic system which leads to closer linkage by natural 

selection. Evolution 10: 278-287. 

1958 On the change of population fitness by natural selection. Heredity 22: 145-167.° 

Kine, J. C., 1955 Evidence for the integration of the gene pool from studies of DDT resistance 

in Drosophila. Cold Spring Harbor Symposia Quant. Biol. 20: 311-317. 
Lewontin, R. C., 1958 A general method for investigating the equilibrium of gene frequency 
in a population. Genetics 43: 421-433. 


Lewonrtrn, R. C., and K. Kosrma, 1960 The evolutionary dynamics of complex polymorphisms. 


Evolution 14: 458-472. 








540 K. KOJIMA AND T. M. KELLEHER 


Lr, C. C.. 1955 The stability of an equilibrium and the average fitness of a population. Am. 
Naturalist 89: 281-295. 
Veruxkuiy, M., 1953 Viability of hybrids between local populations of Drosophila pseudoobscura. 
Proc. Natl. Acad. Sci. U.S, 39: 30-34. 
Wricnt, S., 1949 Adaptation and selection. Pp. 365-389, Genetics, Paleontology, and Evolution. 
Princeton Press. Princeton, N.J. 
1955 Classification of the factors of evolution. Cold Spring Harbor Symposia Quant. Biol. 


20: 16-24. 





THE S SYSTEM OF BOVINE BLOOD GROUPS 


CLYDE STORMONT, W. J. MILLER ann YOSHIKO SUZUKI 


The Serology Laboratory, Department of Microbiology, 


University of California, Davis, California 


Received December 12, 1960 


HIS report is concerned with the bovine blood factors named S, U,, U. and 
H’ (Fercuson, Stormont and Irwin 1942; Srormont 1950) which came 
to be assigned to two separate genetic systems of cattle blood (see StoRMONT 
1954; Irwin 1955, 1956; also see discussions by NEmMANN-SORENSEN 1958; 
RENDEL 1958). As will be shown in this report, those four blood factors actually 
belong to the same genetic system, a system referred to hereafter as the S system 


of bovine blood groups. 
MATERIALS AND METHODS 


The blood-typing reagents used in this study are designated S, U,, U2, S., H’ 
and U’. The S, U, and U. reagents were known replicas of S, U, and U, reagents 
used by Srormont (1950) in the first analysis of serological relationships 
involving blood factors S, U, and U.. In that report, a blood-typing reagent was 
described which reacted with the bloods of all cattle of phenotypes S, U,, SU; and 
SU, but not with bloods of cattle of phenotypes U, and — (i.e., SU-negative 
bloods) thereby establishing a close serological relationship between blood factors 
S and U. Because of the perfect correlation of the reactions of that reagent with 
the presence of either or both blood factors S and U., Srornmont named it (SU:), 
in which symbolism the parentheses were intended to indicate that the antibodies 
were not fractionable by absorption. In this report the (SU.) reagent and its 
equivalent blood factor are designated by means of the much simpler symbol S.. 

The S, reagent used in the present study was prepared from an aliquot of the 
26Z (6g) isoimmune serum (see SrorMoNT 1950), which was the original source- 
antiserum for (SU.) reagent. Because of the small supply of 26Z (6g) antiserum, 
the S. reagent was used very sparingly in the present study. When U’ reagents 
(Stone and MiLier 1961) were reproduced in this laboratory, the use of S, 
reagent was discontinued since U’, as demonstrated elsewhere in this report, 
serves as an effective substitute for S, reagent in distinguishing phenotypes in the 
S system. 

The H’ reagents of this study were known replicas of the first H’ reagent 
obtained from bovine isoimmune serum (Stormont 1947). Actually, all H’ 
reagents now in use in the various cattle blood-typing laboratories are replicas 
of that H’ reagent. We emphasize this point of reference since it is now known, 
as discussed elsewhere in this report, that contemporary H’ reagents are not of 
the same specificity as the original H’ reagent described by Fercuson et al. 


(1942). 
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One of the H’ reagents used in the present study, namely, an H’ reagent ob- 
tained from a rabbit antiserum coded RC35, served effectively as a dosage reagent. 

The blood samples used in the family studies were essentially the same as those 
used in the report on the A system of bovine blood groups (Stormont 1961) 
except that those samples were supplemented by addition of samples from 
the families of eight Holstein-Friesian bulls of phenotype SU,H’ (see Table 2) 
owned by various artificial breeding organizations in United States. In all, there 
were 95 sire-families with a total of 2,723 offspring for an average of approxi- 
mately 28.7 offspring per family. 

Lytic tests, in which pooled, fresh-frozen serum from selected rabbits was used 
as complement, were performed as described in a number of the reports already 


cited. 


RESULTS 


The nine phenotypes defined to date in tests of representatives of various 
breeds of Bos taurus with the reagents S, U,, U., S., H’ and U’ are shown in 
Table 1. 

Attention is called first to the fact that the phenotype designations U., SH’, 
U,H’. U.H’, SU,H’, SU.H’ and U,U-.H’ are actually shorthand designations for 
the phenotypes U.S.U’, SS.H’, U,U.H’, U.S.H’U’, SU,U.S.H’, SU.S.H’U’ and 
U,U.S.H’U’. As may be noted by inspecting the reactions shown in Table 1, the 
main utility of reagents S. and U’ is that of distinguishing phenotype U,H’ from 
U,U.H’ (cf. discussion in reports by Srormont 1950; Stone and MILLER 1961). 
In that capacity, the two reagents are equally effective. Consequently, once U’ 
reagents were developed in this laboratory we were able to discontinue use of 


the S. reagent. 
TABLE 1 


Nine phenotypes in the S system of Bos taurus showing the serological reactions 
which define them 








Reactions with the reagents* Diploid combinations of the 
Phenotypes S , . 5. H’ U’ five postulated phenogroups} 
;. «+ © + «8 / 

wv. 0 0 + 0 + U,/—, U,/U; 

H’ 0 0 0 0 + 0 H’/—, H’/H’ 

SH’ t 0 0 bh + 0 SH’/—, SH’/H’, SH’/SH’ 

U,H’ 0 { + 0 + 0 U,H’/—, U,H’/H’, U,H’/U,H’ 

U,H’ 0 0 + + + { U.,/H’ 

SU,H’ + + + -+- -f- 0 SH’/U,H’ 

SU,H’ } 0 + +- + SH’/U, 

U,U.H’ oO + + + + | U,H’/U, 

* Reagents of specificity U, were originally designated as U reagents (Fencuson et al. 1942; Stormont 1950). The S, 
reagent of this study was formerly designated as the (SU,) reagent (Srormonr 1950). 


+ See discussion in text. 
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TABLE 2 


Summary of the results of progeny testing 95 bulls with respect to their genotypes at the S locus 





Number of bulls by breeds* showing number of offspring within parentheses 
AA ; H HF J 





Phenotypes Genotypes G 

1 ss 6 (302) 3 (54) 8 (290) 5 (138) 
~ si's 4 (192) 4 (129) 12 (293) 3 (17) 
5. HE’ si’ si” 1 (5) 1 (7) 4 (208) 5 (180) 
+. SH’ sSH's 1 (29) 5 (186) 4 (51) 4 (122) 
5. SH’ gS sh’ 2 (25) 2 (25) 3 (50) 
6. SH’ shh 8" 1 (154) 5 (115) 
7. U,H’ SU's 1 (11) 

8. UY sUiH'sH’ 2 (92) 

9. U,H’ sWaght’ 1 (16) 

10. SU,H’ gSH’ st iH" 8 (32) 





* AA (Aberdeen-Angus), G (Guernsey), H (Hereford), HF (Holstein-Friesian), J (Jersey). 


Subtyping relationships of blood factors S, U,, U2, 82, H’ and U’: Asymmetries 
in the occurrence of combinations of reactions with blood-typing reagents are 
spoken of as subtyping relationships. A number of subtyping relationships involv- 
ing both linear and nonlinear patterns of cross reactions have already been 
described in the cattle studies (Stormont 1950, 1955) and many more are yet 
to be described (MiLier, Suzuki and Srormonr 1961). 

Those subtyping relationships involving linear patterns of cross reactions are 
generally. although not invariably, indicated by special symbolic designations, 
as C, and C., O,, O. and O,, T, and T.. U, and U,, . . . etc. For example, the 
bovine blood factors named C and E by Fercuson (1941) were observed in only 
three of four possible phenotypic combinations. The observed combinations were 
C and E together, C alone and no-CE. In keeping with subtyping designations. it 
was suggested (Srormont 1950) that the combination C and E together be indi- 
cated by the symbol C, and C alone by the symbol C.. Likewise, the bovine blood 
factors B and K were observed in only three of four phenotypic combinations, 
namely, BK. B alone and no-BK, and the same was true of G and K but B and G 
were observed in all four possible combinations, as evidenced by examining the 
five recognized phenotypic combinations of blood factors B, G and K, namely, 
BGK, BG, B, G and no-BGK (Srormonr 1950). Consequently in that and similar 
situations in which both linear and nonlinear patterns of cross reactions were 
involved, subtyping symbolism was avoided. Much discussion has been made 
about the immunogenetic implications of the BGK relationship but that relation- 
ship is by no means unique as evidenced by the relationships now described. 

Attention is called first to the reactions of reagents S, S. and H’ in Table 1. The 
observed phenotypic combinations of those reactions are SS.H’, S.H’, S., H’ and 
no-SS.H’, It is apparent that this pattern of reactions is a repetition of the sub- 
typing relationships exhibited by blood factors B, G and K, with blood factor S 
playing the role of K. The present significance of the observed relationships 
exhibited by blood factors S$, S. and H’ was that they provided the first line of 
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evidence that blood factor H’ must belong to the same blood-group system as 
blood factors S and S,. 

Likewise, we note from the data presented in Table 1 that the phenotypic 
combinations of blood factors U,, U. and H’ provide another BGK-like relation- 
ship in which blood factor U, plays the role of K. The present significance of the 
observed subtyping relationships involving U,. U. and H’ was that those relation- 
ships provided another independent line of evidence relating blood factor H’ to 
the S system. 

Finally, attention is called to still a third BGK-like relationship involving the 
blood factors S., U, and U’, in which U’ plays the role of K. 

The subtyping interrelationships of blood factors S$, U,, U., S., H’ and U’ pro- 
vide the strongest kind of evidence that those blood factors all belong to the same 
system of blood groups. 

Phenogroups in the S system: The inability to resolve subtyping relationships 
on the basis of the concept of unit antigens alleged to be controlled by single 
genes (see SrorMONT 1950; StroRMONT, OWEN and Irwin 1951) led to the use 
of the term “blood factor” or “serological factor” (LANDsTEINER 1945) as a 
replacement for such terms as “unit antigen”, “antigenic substance”, “antigenic 
character” and so on. It also led to the concept “phenogroup” although the term 
itself was not introduced until over a decade later (Stormont 1955). The con- 
cept phenogroup, which is equivalent in all respects to the concept “agglutinogen”’ 
(Wiener and WexLER 1952), holds that subtyping relationships are merely the 
reflections of reciprocal and nonreciprocal cross reactions of a series of immuno- 
chemically related structures on the surfaces of red cells. These hypothetical 
structures are referred to as phenogroups in the cattle and sheep studies (Ras- 
MUSEN 1960). 

The question arises, ““What is the minimum number of phenogroups that need 
be postulated to account for the patterns of reactions shown in Table 1?” The 
answer is five, as now demonstrated. 

The five phenogroups postulated to account for the cross reactions with S, U;, 
U.. S., H’ and U’ antibodies are designated —, U., H’, SH’ and U,H’. 

The postulated phenogroup “—” is characterized by its inability to react with 
any of the antibodies in the reagents S, U,, U., S., H’ and U’. In the diploid 
combination —/—, that phenogroup would account for phenotype “—” in Table 1. 

The postulated phenogroup U: is characterized by reactions with U., S. and 
U’ antibodies. In the diploid combinations U./— and U./U,, phenogroup U, 
would account for the phenotype U. in Table 1. 

The postulated phenogroup H’ is characterized by its reactions with H’ anti- 
bodies. In the diploid combinations H’/— and H’/H’, it would account for pheno- 
type H’ in Table 1. 

The postulated phenogroup SH’ is characterized by reactions with S, S. and 
H’ antibodies. In the diploid combinations SH’/ —, SH’/H’ and SH’/SH’, it 
would account for phenotype SH’ in Table 1. 

The postulated phenogroup U,H’ is characterized by reactions with U,, U, and 
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H’ antibodies. In the diploid combinations U,H’/—, U,H’/H’ and U,H’/U,H’, 
it would account for phenotype U,H’ in Table 1. 

Finally, the four remaining diploid combinations U./H’, SH’/U,H’, SH’/U: 
and U,H’/U, would account for, respectively, the phenotypes U.H’, SU,H’, 
SU.H’ and U,U.H’ in Table 1. 

It is implied, although it is not a necessary part of the concept phenogroup, 
that the immunochemically related structures postulated to account for the cross 
reactions of such antibodies as S, U,, U:, S., H’ and U’ are controlled by genes 
that are closely related in evolutionary descent. Such genes are generally referred 
to in genetics as alleles. It is now shown that the phenogroups —, U:, H’, SH’ and 
U,H’ do segregate in inheritance as if controlled by allelic genes. 

Progeny tests: Six of the nine phenotypes shown in Table 1 were represented 
in the 95 bulls which headed the sire-families of this study. Those were the pheno- 
types —, H’, SH’, U,H’, U.H’ and SU,H’. Corresponding to those six phenotypes, 
ten genotypes were proved in the progeny tests of the bulls as summarized in 
Table 2. Represented in the ten genotypes were the five alleles s, s":, s”’, s§"’ and 
s"’ corresponding, respectively, to the five postulated phenogroups —, U:, H’, 
SH’ and U,H’. 

Details of the evidence, excepting the progeny tests involving the six bulls 
(line 6 of Table 2) which proved to be of genotype s*”’s*”’, are presented in 
Tables 3-11. All except one of the 269 offspring of the six bulls of genotype 
4” were of phenotype SH’. The one was of phenotype SU,H’ (presumably 


Ss S 


SH’ 
genotype s*"’s',”), and she resulted from a mating to a dam of that same 


phenotype. 
Table 3 is a summary of the matings of the 22 bulls of phenogroup-formula 


. The results in that table are consistent with the proposal that all animals 
of phenotype “—” are of genotype ss. 

Table 4 is a summary of the matings of the 23 bulls (line 2 of Table 2) which 
bred as if of genotype s”’s. The observed ratio of 138: 122 in matings to “negative” 
dams is consistent with the proposal that those bulls were of genotype s”'s. 
Furthermore, their red cells exhibited the ““weak” type of reactions in tests with 


dosage H’ reagent. 
TABLE 3 


Summary of the matings of 22 bulls of phenogroup-formula —/— 
and genotype ss (see line 1 of Table 2) 





Matings Number of offspring of phenotypes 





Males X Females -- U, H’ SH’ U,H’ 
x 202 0 0 0 0 
U, 5 3 0 0 0 
H’ 160 0 303 0 0 
SH’ 21 0 22 54 0 
U,H’ 0 1 0 6 
U,H’ 0 5 1 0 0 
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TABLE 4 


Segregation of phenogroups H’ and — as alternatives in 631 progeny of 23 bulls of phenogroup- 
formula H’/— and genotype s!''s (see line 2 of Table 2) 





Matings Number of offspring of phenotypes 
J H’ SH’ 


Males X Females — if . if A ig U,H 
re x 138 0 122 0 0 0 
U, 0 3 5 0 0 2 

H’ 73 0 240 0 0 0 

SH’ 6 0 9 26 0 0 

LG i 0 0 1 0 2 0 

U,H’ 0 0 2 0 0 2 





TABLE 5 


Summary of the matings of 11 bulls of phenotype-formula H’/H’ and genotype ss" 
(see line 3 of Table 2) 





Matings Number of offspring of phenotypes 
Males X Females H’ SH’ HH’ U,H’ 
3 92 0 0 0 
U, 0 0 0 2 
H’ 189 0 0 0 
SH’ 51 62 0 0 
U,H’ 0 3 0 





Table 5 is a summary of the matings of the 11 bulls (line 3 of Table 2) which 
bred as if of genotype s”’s”’. Their red cells exhibited the “‘strong” type of reac- 
tions with dosage H’ reagents. 

Table 6 shows the segregation of phenogroups SH’ and 
14 bulls (line 4 of Table 2) which bred as if of genotype s*"’s, and whose red 
cells exhibited the weak reaction with dosage H’ reagent. In matings to negative 
was 1:1 and the observed ratio was 28:23. 


in the progeny of 


dams the expected ratio of SH’ to 

Table 7 shows the segregation of phenogroups SH’ and H’ as alternatives in 
the progeny of the seven bulls (line 5 of Table 2) which bred as if of genotype 
ss” and whose red cells exhibited the strong reaction with dosage H’ reagent. 


TABLE 6 


Segregation of phenogroups SH’ and — as alternatives in 388 progeny of 14 bulls of phenogroup- 
formula SH’/— and genotype s8"'s (see line 4 of Table 2) 





eR ee — 





Matings Number of offspring of phenotypes 
Males X Females _ Il’ SH’ l — SI A 
SH’ x 28 0 23 0 0 
U, 2 0 0 0 2 
H’ 9 50 52 0 0 
SH’ 15 17 185 0 0 
SU,H’ 0 0 4 0 

















BOVINE BLOOD GROUPS 547 


The test matings to negative dams and dams of phenotype H’ were expected to 
produce a 1:1 ratio of H’ to SH’. The observed ratio was 6+18:5+27. 

Table 8 shows the segregation of phenogroups U,H’ and — as alternatives in 
the 11 progeny of the one bull (line 7 of Table 2) which bred as if of genotype 
ss and whose red cells exhibited the weak reaction with dosage H’ reagent. 

Table 9 shows the segregation of phenogroups U,H’ and H’ as alternatives in 
the offspring of the two bulls (line 8 of Table 2) which bred as if of genotype 
s":'’s"" and whose red cells exhibited the strong reaction with dosage H’ reagent. 
A 1:1 ratio was expected in matings of those bulls to negative cows and cows of 
phenotype H’. The observed ratio was 16+29:12+32. 

Table 10 shows the segregation of phenogroups U, and H’ as alternatives in 
the 16 progeny of the one bull (line 9 of Table 2) which bred as if of genotype 
:s"" and whose red cells showed weak reaction with dosage H’ reagent. In 


UH’ 


S$ 


TABLE 7 


Segregation of phenogroups SH’ and H’ as alternatives in 100 offspring of seven bulls of 
phenogroup-formula SH'/H’ and of genotype sS"\'s"" (see line 5 of Table 2) 











Mating Number of offspring of phenotypes 
Male Females H’ SH’ 
SH’ > 6 5 
H’ 18 27 
SH’ 6 37 
U,H’ 0 1 
TABLE 8 
Segregation of the phenogroups U ,H’ and — as alternatives in 11 offspring of a bull of 
phenogroup-formula U ,H’ and of genotype s“""'s (see line 7 of Table 2) 
Matings Number of offspring of phenotypes 
Males X Females , H’ U,H" 
U,H’ 2 0 1 
H’ 0 2 5 
U,H’ 1 0 0 





TABLE 9 


Segregation of phenogroups U ,H’ and H’ as alternatives in 92 progeny of two bulls of 
phenogroup-formula U ,H'/H’ and genotype s“"'s"" (see line 8 of Table 2) 





Matings Number «f offspring of phenotypes 


Males X Females Hl SH’ if )H SU,H’ 

U,H’ > 16 0 es 0 
H’ 29 0 32 0 
SH’ 0 0 
U,H’ 0 0 0 


1 
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U.H’ x — matings we should expect a 1:1 ratio of U. to H’. By combining the 
results in line 1 of Table 10 with those in the last line of Table 3, the observed 
ratio was 1+5:2+1. 

Table 11 shows the segregation of phenogroups SH’ and U,H’ as alternatives 
in the progeny of the eight bulls (line 10 of Table 2) which bred as if of genotype 
sS"'s"4"" A 1:1 ratio of SH’ to U,H’ is expected in SU,H’ x — matings and also 
in SU,H’ X H’ matings. The observed ratio was 1+10:1+8. 

Attention is called to the fact that there were no matings involving the rare 
phenotypes SU.H’ and U,U-.H’. There were, however, four offspring of pheno- 
type SU.H’ (Tables 6 and 10) and one of phenotype U,U.H’ (Table 10). 

Estimates of the frequencies of the alleles which control the phenogroups —, 
U., H’, SH’ and U,H’ in Guernsey, Holstein-Friesian and Jersey cattle in United 
States are given in another report (SrorMoNT 1958). Those estimates were based 
on very small samples. It is our intention to submit elsewhere gene-frequency 
data based upon considerably larger samples of various populations of Bos taurus. 


TABLE 10 


Segregation of phenogroups U, and H’ as alternatives in 16 offspring of a bull of phenogroup- 
formula U,/H' and genotype s\:s""" (see line 9 of Table 2) 

















Matings Number of offspring of phenotypes 
Males X Females U, H’ SH’ U,H’ SU,H’ U,U,H’ 
U,,H’ x - mons r 7 2 0 0 7 0 o. 
iH 1 4 0 2 0 0 
SH’ 1 0 2 0 2 0 
U,H’ 0 0 0 0 0 1 
TABLE 11 


Segregation of phenogroups SH’ and U ,H’ as alternatives in 32 offspring of eight bulls of 
phenogroup-formula SH’/U ,H' and genotype s§"\'s\s""" (see line 10 of Table 2) 














Matings Number of offspring of phenotypes 
Males X Females SH’ U,H’ SU,H’ 
SUH’ x ! 0 
H’ 10 8 0 
SH’ 7 2 1 
U,H’ 1 0 
DISCUSSION 


The foregoing analysis of the S system of bovine blood groups was presented 
in a series of four steps. First we considered the nine S-system phenotypes in 
Bos taurus and the reactions which defined those phenotypes. The second step 
was concerned with a description of the subtyping relationships exhibited by the 
blood factors S$, U,, U., S., H’ and U’. The third step was concerned with an 
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analysis of the number of phenogroups in Bos taurus that need be postulated to 
account for the observed phenotypes. The fourth and final step was an analysis 
of family data which, in retrospect, simply provided genetic proof for the exist- 
ence of the five postulated phenogroups. Thus, serological relationships alone 
can serve in lieu of genetic tests in the analysis of blood-group systems. Such an 
approach may have application in marine population research where genetic tests 
are not possible. The postulated phenogroups can then be tested by gene-fre- 
quency analysis. 

The results of this analysis of S-system phenogroups may be contrasted with 
recent studies (StrorMoNT, MILLER and Suzuki 1961) of S-system phenogroups 
in American buffalo (Bison bison or Bos americanus). Only two S-system pheno- 
groups were distinguished in the bison studies. One of those two phenogroups was 
equivalent to the “—” phenogroup of Bos taurus. The other, designated S,, was 
characterized by reactions with S reagent and by weak, partial cross reactions 
with one of two U,+H’ reagents. (S. reagent was not used in those studies.) We 
were able to show that S-positive bison bloods will readily absorb S antibodies in 
S+H’ reagents without affecting the H’ antibodies. Whether a phenogroup 
equivalent in specificity to S, exists in Bos taurus is an open question. In view 
of the fact that most bison phenogroups have homologues or near-homologues in 
taurus, it is suggestive that such a phenogroup may one day be found in taurus. 

It was stated elsewhere in this report that contemporary H’ reagents cannot 
be of the same specificity as the original H’ described by Fercuson et al. (1942). 
Some of the evidence for that statement was obtained in examining the S and H’ 
reactions shown in Table 1 of the report by Fercuson et al. (1942) in which 
table it is seen that blood factor S occurred with and without H’, which is not in 
keeping with the results reported here. The original source-antiserum for H’ 
antibodies was exhausted very early in those studies and, as may be seen in the 
report by Stormont et al. (1951), H’ was not among the 38 blood factors 
examined in the analyses of the blood group systems B, C, F-V and Z. Actually. 
those studies were conducted largely over the years 1941 to 1944. We cannot, 
therefore, be certain just when the transition in H’ reagents took place. But the 
important point, it seems, is to note here that the blood factor now called H’ bears 
no known relationship to the original H’ of Fercuson et al. (1942). 

In the studies of the B, C, F-V and Z systems of cattle (StorMoNT, OWEN and 
Irwin 1951; Stormont 1952) the blood factors left unassigned were A, H, J, S. 
U,, U. and Z’. J, of course, represented a special case of a blood factor which is 
only a secondary attribute of the red cells (Stormont 1949). Studies of the 
genetics of the J property were reported by Stone and Irwin (1954) and by 
SPRAGUE (1958). The basis for the assignment of A, H and Z’ to the A system, 
along with the more recently described blood factor D, is given in another 
report (Srormont 1961). S, U, and U., along with contemporary H’, were 
shown in this report to be members of the S system, thereby completing the 
analysis of the genetic positions of the 38 bovine blood factors examined by Stor- 


MONT et al. (1951). 
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Tests for independence of the seven loci (A, B, C, F-V. J, S and Z) implicated 
in the control of those 38 blood factors along with evidence for two additional 
systems are to be presented in a following report. 


SUMMARY 


On the basis of an analysis of the cross reactions of the bovine blood-typing 
reagents named S, S. (formerly designated as (SU.) reagent), U,, U,, H’ and U’, 
five phenogroups designated ““—”’, U., H’, SH’ and U,H’ are postulated to account 
for the equivalent blood factors. Genetic evidence is then offered in proof of the 
existence of the five phenogroups which segregate as if controlled by allelic genes. 
The alleles are designated, respectively, as s, s'+, s,s" and s":"" in which sym- 
bolism the phenogroups are written as superscripts. 

Two subtyping relationships, one involving the trio of blood factors SS.H’ 
and the other involving the trio U,U.H’ provided the first lines of evidence that 
blood factor H’, contrary to previous opinion, is a member of the S system. It is 
pointed out that those subtyping relationshins parallel the often discussed BGK 
relationship. 

In the course of study it became evident that contemporary H’ reagents bear no 
known relationship to the original H’ reagent described in 1942. 


ACKNOWLEDGMENT 


We wish to acknowledge the assistance of Mr. B. G. Morris and Dr. B. A. 
RASMUSEN in the collection of much of the data. We also wish to acknowledge 
the collaboration of Messrs. J. C. Hersuey, R. GAMBoNINI, M. J. Forey, E. E. 
GrEENouGH, O. C. BorLANp, R. C. LaBen, P. W. Grecory, S. W. Meap and 
W. C. Rotrns in the collection of blood samples and in the provision of family 


pedigrees. 


LITERATURE CITED 

Fersuson, L. C., 1941 Heritable antigens in the erythrocytes of cattle. J. Immunol. 40: 213-242. 

Fersuson, L. C., C. Srormont, and M. R. Irwin, 1942 On additional antigens in the erythro- 
cyptes of cattle. J. lLmmunol. 44: 147-164. 

Irwin, M. R., 1955 III. Immunogenetics. Pp. 55-71. Biological Specificity and Growth. Edited 
by E. G. Burter. Princeton University Press. Princeton, N.J. 

1956 Blood grouping and its utilization in animal breeding. 7th Intern. Congr. Anim. 

Husbandry. Madrid 2: 7-41. 

LaNpstrEINER, K., 1945 The Specificity of Serological Reactions. Harvard University Press. 
Cambridge, Massachusetts. 

Miter, W. J., Y. Suzux1, and C, Stormont, 1961 Subtypes in cattle blood typing. (In 
preparation. ) 

NEIMANN-SorRENSEN, A., 1958 Blood groups of cattle. Thesis. A/S Carl Fr. Mortensen, 


Copenhagen. 


RasMuseEN, B. A., 1960 Blood groups in sheep. II. The B system. Genetics 45: 1405-1417. 


























BOVINE BLOOD GROUPS 551 


RENDEL, J., 1958 Studies of cattle blood groups. I. Production of cattle iso-immune sera and the 
inheritance of 4 antigenic factors. Acta. Agr. Scand. 8: 40-61. 
SpracuE, L. M., 1958 On the recognition and inheritance of the soluble blood group property 
“Oc” of cattle. Genetics. 43: 906-912. 
Stone, W. H., and M. R. Irwin, 1954 The J substance of cattle. I. Developmental and im- 
munogenetic studies. J. Immunol. 73: 397-406. 
Stone, W. H., and W. J. Miter, 1961 Naturally occurring isoantibodies of the S blood group 
system in cattle. J. Immunol. 86: 165-169. 
Stormont, C., 1947 Unpublished observations. Records Agr. Exp. Stat. University of Wisconsin. 
1949 Acquisition of the J substance by the bovine erythrocyte. Proc. Natl. Acad. Sci. U.S. 
35: 232-237. 
1950 Additional gene-controlled antigenic factors in the bovine erythrocyte. Genetics 35: 
76-94. 
1952 The F-V and Z systems of bovine blood groups. Genetics 37: 39-48. 
1954 Erythrocyte mosaicism in a heifer recorded as single-born. J. Animal Sci. 13: 9498. 
1955 Linked genes, pseudoalleles and blood groups. Am. Naturalist 89: 105-116. 
1958 On the applications of blood groups in animal breeding. Proc. 10th Intern. Congr. 
Genet. 1: 206-224. 
1961 The A system of bovine blood groups. Genetics 46: (In press). 
Srormonrt, C., R. D. Owen, and M. R. Irwin, 1951 The B and C systems of bovine blood groups. 
Genetics 36: 134-161. 
Srormont, C., W. J. Mruver and Y. Suzuxr, 1961 Blood groups and the taxonomic status of 
American buffalo and domestic cattle. Evolution. (In press.) 
Wiener, A. S., and I. B. Wexier, 1952 The mosaic structure of red cell agglutinogens. 
Bacteriol. Rev. 16: 69-87. 











RELATIVE FITNESS OF GENETICALLY OPEN AND CLOSED 
EXPERIMENTAL POPULATIONS OF DROSOPHILA ROBUSTA 


HAMPTON L. CARSON 
Department of Zoology, Washington University, St. Louis, Missouri 


Received December 16, 1960 


HEN a genetically variable gene pool faces a new environmental challenge, 

microevolutionary change may be expected to occur. To understand this 
change, it would be ideal to know the details of the structure and integration of 
the gene pool both before and after the change. Although such conditions can 
hardly be met in any study of natural populations, an approach, at least, can be 
made in laboratory experiments. 

In a number of species of Drosophila, genetic control is now such that the 
artificial construction of various kinds of gene pools presents no particular diffi- 
culty. The classical methods for the experimental study of gene pools in the 
laboratory (L’H&éritirer, Neers and Teissrer 1937; Wricut and DoszHANskKY 
1946; Reep and Reep 1948; Buzzari-Traverso 1955) provide an opportunity for 
the application of stringent natural selection and afford some control of popu- 
lation size. These experimental designs, however, provide no means for comparing 
the over-all biological performance of one gene pool with another when both are 
maintained under similar environmental conditions. By providing exact amounts 
of food and space and exact change intervals to various genetically different 
experimental populations of D. melanogaster, Carson (1958c; 1961), BERT 
(1960) and Smaruers (1961) developed methods for making weekly population 
size measurements under the arbitrarily imposed conditions. Carson (1961) has 
proposed that population size, measured for comparable gene pools under these 
conditions, may be used as a measure of the performance of the population, or, in 
short, its relative population fitness. The gene pool which maintains the larger 
size is judged the relatively more fit. 

The present paper concerns itself with the extension of this method to labora- 
tory populations of Drosophila robusta. This species is a common native faunal 
element of the deciduous forest of the eastern United States, having a large num- 
ber of different gene arrangements which generally show clinal distributions and 
a strong tendency towards marginal homozygosity (Carson 1955, 1958a, 1959). 

Data are presented in this paper on laboratory populations derived from 
various geographic sources, both marginal and central. Some of the populations 
studied are genetically “closed” throughout the course of the experiment. Others 
have been kept genetically “open” by maintaining a continual inflow of genes; 
still others have been subjected to mass hybridization. The performance of these 
various populations and their controls has been compared, and the fate of chromo- 
some polymorphism carried by them has been followed. 


Genetics 46: 553-567 May 1961. 
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MATERIAL AND METHODS 


Samples of Drosophila robusta were obtained from natural populations accord- 
ing to the usual methods of fruit baiting. This procedure is now known to provide 
a truly representative sample of the adult wild feeding population of this species 
(see Carson 1958b, p. 28). Immediately upon collection of the wild samples 
from the natural population, males and females were separated and each female 
placed individually or with a single wild male into a separate culture vial. 
Salivary gland smears were made from her offspring using acetolactoorcein. In 
some cases wild females can be shown to have previously mated to two or possibly 
more different wild males in nature. One has no assurance, therefore, that a 
culture established from a single wild-caught female is descended from a single 
pair of wild flies. A newly caught female, however, may be rendered free of 
sperm from wild males by placing her individually in a culture tube and chang- 
ing to a fresh vial often (every one or two days) until the eggs laid by the female 
no longer hatch. The female concerned may then be mated to a single wild male 
caught at the same time and place. This procedure has been used in those cases 
where it is desirable to know the precise number of wild homologs entering into 
a laboratory strain by way of the founders (see also Carson 1958a). 

A method for establishing and maintaining an experimental population in 
vials has been described in detail by Carson (1961). With only minor modifi- 
cations, this method was employed in the present work. Basically, the adult flies 
are maintained in a chamber made of an ordinary 25 < 95 mm shell vial to which 
is taped a cellulose acetate tube of the same size (“supervial”). The latter contains 
a platform of blotting paper and is plugged with cotton at the free end. The shell 
vial, which contains the food, is replaced at exact intervals by opening the cham- 
ber, holding the adult flies in the supervial, removing the old vial and taping a 
new one in position. In most of the populations to be reported on in this paper, 
four changes a week were made. Each food vial contained 9.5 cc of a specially 
prepared uniform corn meal-Karo-agar medium, to which has been added ten mg 
of dry Fleishmann’s yeast moistened with one drop of distilled water. 

Each time the population chamber was opened, flies which had emerged in 
vials which were previously in contact with the population were added to the 
adult population. Under these conditions, the size of the population eventually 
comes to equilibrium with the space and food available. In the experiments to be 
described, the handling schedule varied in minor ways from one set of experi- 
ments to the next; the details of the procedure used will be given in each par- 
ticular case. Under these conditions, the average time from egg to adult is greatly 
attenuated and averages about 32 days. Allowing approximately ten days for 
attainment of sexual maturity, the generation time may be estimated at six weeks. 
All weighings of flies were made on a Roller-Smith microtorsion balance which 
had a capacity of 500 mg. 

THE EXPERIMENTS 


Laboratory populations having marginal or central geographical origins 


Population size and production of the Steelville and Chadron populations: In 
the experiments reported on in this section, two strains of D. robusta have been 
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used, each of which was ultimately derived from a single pair of wild flies col- 
lected at Steelville, Missouri, (Sv), a central location in the range of the species, 
and Chadron, Nebraska, (C) which is geographically and ecologically marginal. 
These strains were maintained as two of the controls used in the experiments 
described in Carson 1958a and were there designated as Sv-135 and C-66 respec- 
tively. In January, 1957, four experimental populations were established, two 
from Sv-135, hereafter referred to as S-1 and S-2 and two from C-66, referred 
to as C-1 and C-2. 

The gene arrangement frequencies present in both of these strains were deter- 
mined at the time of establishment of the laboratory strains from the F, produced 
by the pair of wild founders and at intervals thereafter (Tables 1 and 2). It will 
be noted on Table 1 that at the time that S-1 and S-2 were established (early in 
1957) gene arrangement 2L-2 had already been lost, leaving 2L and 2L-3 as the 
two alternative arrangements in the left arm of chromosome 2. The X chromo- 
some is homozygous for gene arrangement; the alternative gene arrangements 
present in the right arm of the second chromosome are 2R-1 and, in the right arm 


TABLE 1 


Gene arrangement frequencies (in percent) in the control laboratory populations (S-1; S-2) 
originally derived from a single pair of wild flies (Sv-135) captured at Steelville, Missouri 





Aug Dex Feb. July Jan. Feb. Aug. Nov. Aug. 
Gene 1955 1955 1956 1956 1957 1957 1957 1957 1958 
arrangement (F, from Sv-135 from culture S-1 S-2) (S-2) (S-2) (S-2) 


XL:XR-1 100.0 100.0 100.0 100.0 100.0 1000 1000 100.0 100.0 


Sf. 35.0 55.0 70.0 65.0 62.2 80.0 67.3 80.0 70.3 
2L.-2 25.0 10.0 

2L-3 40.0 40.0 30.0 35.0 37.8 20.0 33.7 20.0 29.7 
QR (2R-1) 75.0 85.0 55.0 45.0 87.9 80.0 50.0 46.7 57.4 
3R (3R-1) 15.0 50.0 55.0 65.0 36.5 55.0 30.8 16.7 8.1 


Number of 
chromosomes 


examined 20 20 20 20 74* 20 


148 


Or 
to 
w 
So 





* 57 X chromosomes 


TABLE 2 


Gene arrangement frequencies (in percent) in the control laboratory populations (C-1; C-2) 
originally derived from a single pair of wild flies (C-66) captured at Chadron, Nebraska 





Aug Jan Dec. Aug. 

Gene 1955 1957 1957 1958 
arrangement F, from pair C-66 from culture (C-2) (C-2) 
XL-1:XR 100.0 1000 =——s«i100.0—(tst—<(i«é«iN00=0 
2L,-3:2R 100.0 100.0 100.0 100.0 
3R 100.0 100.0 100.0 100.0 
Nx 20 19 42 77 
Na 20 20 42 78 





N*—Number of X chromosomes examined. 
N*=Number of autosomes examined. 
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of the third chromosome, 3R-1. The founder strain and populations C-1 and C-2 
have been homozygous for gene arrangement since their inception (Table 2). 

Each population was founded from 50 females and 50 males taken at random 
from the stocks. The change and yeast cycle was precisely as described in Carson 
1961 for Drosophila melanogaster. After approximately 12 weeks the populations 
showed signs of reaching a maximum size and weekly measurements of the size 
of the adult population (number and weight of individuals present) were begun 
(see Week 1, Table 3). The figures in Table 3 represent the average of two 
measurements each week. The starting size (including new additions made on 
that day) is added to the finishing size seven days later and the sum divided by 
two (see Carson 1961). These measurements were carried out for 20 consecutive 
weeks, during which time each population was handled in identical fashion. The 
data show that the mean number and weight are higher in S-1 and S-2 than in 
C-1 and C-2. In only one instance, however, is the difference between two of 
these means significant at the five percent level. Thus the mean number of flies 


TABLE 3 


Population size of four experimental populations of Drosophila robusta. Chadron-1 and -2 (C-1, 
C-2) are replicates which are homozygous for gene arrangement; Steelville-1 and -2 
(S-1, S-2) are replicates which carry a number of inversions 





Chadron-1 (C-1) Chadron-2 (C-2 Steelville-1 (S-1) Steelville-2 (S-2 
Week Wt. = Avg. fly Wt. Avg. fly Wt. Avg. fly Wt. Avg. fly 
number No. mg size mg No. mg size mg No. mg size mg No. mg size mg 
1 273 498 1.82 261 477 1.83 298 484 1.63 263 462 1.76 
2 293 528 1.80 365 609 1.67 305 491 1.61 383 609 1.59 
3 354 =620 1.75 424 678 1.60 345 558 1.62 446 694 1.56 
4 385 651 1.69 469 750 1.60 388 626 1.62 490 766 1.57 
5 383 659 1.72 456 711 1.56 405 659 1.63 441 674 1.53 
6 367 643 1.75 346 563* 1:63 422 680 1.61 336 528* 1.57 
7 365 646 i re 230 388* 1.69 415 667 1.61 239 400* 1.67 
8 369 = 645 1:75 283 460 1.63 372 613 1.65 322 532 1.65 
9 303 5290" 1.75 305 489 1.61 305 524* 1.72 345 544: 1.58 
10 231 413* 1.79 302 498 1.65 235 405* 1.72 320 520 1.63 
11 230 392 1.74 284 +82 1.70 253 403 1.59 326 6536 1.64 
12 256 38443 BY 266 456 1.71 253 425 1.68 360 578 1.61 
13 340 4541 1.59 274 456 1.66 354 544 1.54 367 = 583 1.59 
14 296 452 1.53 330 §©506 1.53 352.—s—«4510 1.45 377 = 594 1.58 
15 250 416 1.66 408 585 1.43 332 «= «4510 1.54 398 596 1.50 
16 336 466 1.39 411 589 1.44 380 598 1.57 394 548 1.39 
17 335 517 1.54 337 = 497 1.48 406 626 1.54 340 465 1.36 
18 364 559 1.54 280 419 1.49 386 585 1.52 314 437 1.39 
19 322 = «481 1.50 307 = 456 1.45 346 = 534 1.51 291 434 1.49 
20 272 =«411 1.51 326 501 1.54 263 417 1.59 289 472 1.63 
Mean weekly 
number 316.2+11.4 333.24 15.3 340.8+ 13.1 352.1+14.0 
Mean weekly 
weight 525.5+20.6 528.5+21.8 542.5+19.8 548.6+20.8 





* Population arbitrarily reduced at one point during the week to exactly 400 mg 
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in C-1 differs from S-2, giving a t value of 1.98 with 38 degrees of freedom. The 
means and their standard errors, however, are affected by the following events. 
At one point in its 20-week history, each population was reduced artificially to 
exactly 400 mg wet weight for two consecutive weeks, after which it was again 
allowed to seek its maximum under natural selection. Furthermore, all popu- 
lations show a progressive decline in size over the 20-week period, a fact which 
affects the usefulness of the mean value. 

The total number and weight of flies hatched each week (“‘production”) from 
each of the four populations is given on Table 4. Again, populations S-1 and S-2 
outperform C-1 and C-2. The means for weight produced by C-1 and C-2 are 
very close, a fact which correlates with their closeness in population size. The 
higher of these two, C-1, differs from the lower Steelville population, S-1, 
(t = 2.73; P is less than .01). It is noteworthy also that S-2 is higher than S-1 
(t = 3.76; P is less than .001). Differences in number of flies produced are not 


TABLE 4 


Weekly production of four experimental populations of Drosophila robusta. Chadron-1 and -2 





C-1, C-2) are replicates which are homozygous for gene arrangement; Steelville-1 
and -2 (S-1, 8-2) are replicates which carry a number of inversions 





C-1 C-2 S-1 S-2 
Week number No Wt. mg No Wt. mg No. Wt. mg No. Wt. mg 
1 94 151 125 187 106 165 154 232 
2 80 128 121 173 100 164 169 256 
3 77 127 101 153 104 168 115 188 
+ 83 137 70 111 96 163 81 136 
:) 77 139 60 101 105 160 95 157 
6 83 135 116 171 115 187 108 186 
7 80 127 85 128 46 110 117 205 
8 51 90 67 112 53 90 133 220 
9 55 105 69 120 55 93 122 216 
10 59 99 60 103 92 143 123 211 
11 79 133 27 47 83 146 130 211 
12 104 174 51 81 113 184 92 164 
13 86 129 95 107 109 174 134 224 
14 81 137 164 223 115 185 191 301 
15 105 165 122 179 151 232 162 238 
16 92 145 80 123 131 204 102 157 
17 131 201 82 132 120 215 130 218 
18 123 172 113 166 138 204 126 206 
19 116 158 83 137 121 174 123 212 
20 94 131 111 188 114 179 105 191 
Total number 1750 1802 2067 2152 
Mean weekly 
number 87.5+4.8 90.1+7.2 103.4+19.3 107.6+16.1 
Total weight 2783 2743 3340 4129 
Mean weekly 
weight 139.2+5.9 137.2+9.5 167.0+8.3 206.5+8.3 
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statistically significant at the five percent level of probability. It therefore appears 
that the Steelville populations, especially replicate S-2, are both larger and more 
productive than the Chadron populations. 

Mass hybridization of a Steelville and a Chadron population: In August, 1957, 
the adult populations of C-1 and S-1 were discarded and two new hybrid adult 
populations built up by combining hatching flies from C-1 equally with hatching 
flies from S-1 continually over a period of about six weeks. These new populations 
were designated C1S1-A and C1S1-B. C-2 and S-2 were retained as controls. 

The production of these populations was measured for 55 consecutive weeks 
following the completion of hybridization (Table 5). Various population con- 
ditions were maintained throughout this period but each of the four populations 
was treated in identical fashion. For the first 13 weeks, the size of the adult 
populations was allowed to be determined strictly by natural selection, as in the 
experiments prior to hybridization (except for one two-week trial period of arti- 
ficial reduction to 400 mg). During weeks 14—27, however, a ceiling of 425 mg 
was artificially imposed on the size of each of the four populations. This was 
accomplished by adding hatching flies to the population twice a week as usual, 
but adding each time only enough young flies to bring the total weight of the 
adult population to exactly 425 mg. It was soon found, however, that this level 
was rather high and that several populations (e.g. C-2 and C1S1-A) usually 
remained below it. Accordingly, from week 28-55, all populations were arti- 
ficially held to 300 mg. Under this system, at only one point during the final 
20-week period did any population fall naturally below 300 mg during an entire 
week. This population, C-2, during week 48, fell to a low point of 274 mg even 
after all additions were made. During all other weeks in all populations, discards 


were necessary to keep the populations down to 300 mg. 


TABLE 5 


Production (in mg wet weight/week) of populations of Drosophila robusta before and after mass 
hybridization of two populations. After the first 20 weeks, C-1 and S-1 were 
halved and recombined to make populations C1S81-A and C1S1-B 


























Before hybridization After hybridization 
Period 1 Period 2 Period 3 
Feb. to July 1957 Aug. 1957 to Apr. 1958 Apr. 1958 to Sept. 1958 
(free population size) (various population sizes) (pop. size held to 300 mg.) 
Total Mean Total Mean Total Mean 
Population weight weekly weight weekly weight weekly 
number produced (mg) weight (mg) produced (mg) weight (mg) produced (mg) weight (mg 
C-1 2783 139.2+5.9 : 
C-2 2743 137.2+9.5 4000 114.2+ 8.9 2112 105.6+15.3 
S-1 3340 163.8+8.7 ; 
S-2 4129 206.5+8.3 6137 175.3+10.7 3930 196.5+ 8.6 
CiS1-A 5361 153.2+ 9.9 3249 162.5+ 7.9 
C1S1-B 5373 153.52 9.9 3491 174.62 7.4 


Number of weeks 
at equilibrium 20 35 20 
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Table 5 gives the mean production of the four populations after hybridization; 
the first two columns in the body of the table repeat the means from Table 4 for 
comparison. It will be noted that during both periods 2 and 3 (after hybridiza- 
tion), C-2 is the lowest and S-2 is the highest. The hybrid populations are inter- 
mediate in value and in one instance, C1S1-A is significantly lower than S-2 at 
the five percent level or below (S-2 vs. C1S1-A, Period 3: t = 2.912, P is less 
than .01). 

When populations C-1 and S-1 were combined to form the new hybrid popu- 
lations C1S1-A and C1S1-B, the question arises whether the gene arrangements 
introduced from the two sources become balanced or whether one set will replace 
the other. The results of two tests for the presence of chromosome arrangements 
in each of these populations one year after the hybridization (approximately nine 
generations) are given in Table 6. From these data it will be noted that whereas 
the parental populations are homozygous for different gene arrangements on 
both arms of the X chromosome (Tables 1 and 2), the hybrid populations display 
a condition in which X chromosome gene arrangements from both geographical 
sources have remained in substantial frequency. XL and XR-1 from Steelville 
are close to 66 percent in each population; this reflects, apparently, a strong tend- 
ency for these two right and left arm arrangements to remain associated. Con- 
versely, arrangements XL-1:XR from the Chadron population are similarly 
associated. Heterozygosity in 2L, 2R and 3R is maintained despite the admixture 
of homozygous Chadron flies. It is not possible to tell if any intergeographic 
heterozygotes for these autosomes are maintained in the populations in a manner 
comparable to that found in the X chromosome. 

The facts brought out by the above experiments may be summarized in the 
following statement. Steelville populations from the center of the range of the 
species, and carrying a number of inversions, significantly outproduce structur- 
ally homozygous Chadron populations from the margin of the range. The sizes 
of the Steelville populations, furthermore, are likewise somewhat greater. Popu- 
lations formed by mass hybridization of two of the replicates show a performance 


TABLE 6 
Gene arrangement frequencies (in percent) in two experimental laboratory populations (C1S1-A; 
C1S1-B) one year after they were formed by mass hybridization of Chadron 
population C-1 and Steelville population S-1 











Gene C1S1-A CiSi-B 
arrangement Aug. 1958 Aug. 1958 
XL 68.1 67.3 
XL-1 31.9 32.7 
XR 34.8 35.5 
XR-1 65.2 64.5 
2L 26.2 45.2 
QR 75.4 69.2 
3R 55.0 52.8 


N 104 69 
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close to that of the Steelville control population and in no case surpass it, whereas 
the Chadron control population continues to be the lowest. Despite their failure 
to exceed the performance of the Steelville populations, however, the hybrid 
populations have considerably more chromosomal polymorphism than the Steel- 
ville control because in these populations both left and right arms of the X 


tin 


chromosome carry intergeographical polymorphism. 
Performance in “open” and “closed” populations 


In August, 1956, a large sample of Drosophila robusta was obtained from 
Plainwell, Michigan (Carson 1958b). Gene arrangement frequencies were ob- 
tained by studying the chromosomes of larvae which were F,’s from the wild 
individuals. The results of this study are shown in the first column in the body 
of Table 7. Individual pairs nos. 1 through 18 were chosen and an experimental 
population (PW) started using all 36 adults and their F,’s. This population came 
to equilibrium and was handled in an identical manner to the populations in 
the previous experiment (S-1, S-2, C-1 and C-2). Size and production measure- 
ments made over a 20-week period in early 1957 are given in Table 8. It will be 
noted that this performance is very similar to the performance of the Steelville 
populations previously described (Tables 3 and 4). During this time all poly- 
morphism present at the beginning of the experiment was retained except for 
3R-1 and 3L-R which were apparently eliminated (Table 7, 3rd column). 

In July of 1957, PW was divided into two populations (PW-A and PW-B) and 
each replicate was allowed to come to equilibrium. Beginning immediately at 
the time that the split was made, and continuing thereafter for 31 consecutive 








TABLE 7 
Gene arrangement frequencies (in percent) in samples from a natural population of D. robusta 
from Plainwell, Michigan (PW _) and in open (PW-A received 82 wild males over a 
31-week period) and closed (PW-B) laboratory populations derived from it 
F, from wild population Experimental laboratory populations 
Total Pairs (closed (open closed) open) closed 
Gene sample 1-18 PW PW-A PW-B PW-A PW-B 
arrangement Aug. 1956 Aug. 1956 Mar. 1957 Aug. 1957 Aug. 1957 Dec. 1957 Dec. 1957 

XL 14.9 38.9 52.6 72.5 50.0 56.1 45.9 
XL-1 55.1 61.1 47.4 27.5 50.0 43.9 54.1 
XR 21.2 19.4 49.6 51.7 64.7 31.8 26.2 
XR-1 76.3 75.0 50.4 48.3 35.3 68.2 73.8 
2L, 57.6 52.8 45.6 20.7 11.4 29.8 5.2 
2L-1 5.9 §.5 30.9 47.9 63.6 41.7 57.1 
2L-2 8.5 16.7 8.1 17.1 13.6 10.7 29.9 
2L-3 28.0 25.0 15.4 14.3 11.4 17.8 7.8 
QR 89.8 80.6 94.0 87.1 86.3 85.7 89.8 
3R 94.1 91.7 100.0 95.0 100.0 86.9 100.0 
3R-1 4.2 5.5 5.0 13.1 
3L-R Le 2.8 
Nx 118 36 133 120 34. 66 61 
Na 118 36 136 140 ane 84 77 
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TABLE 8 


Population size and production of experimental populations derived from Plainwell, Michigan. 
PW and PW-B are closed populations, whereas PW-A received 82 wild 
males over a 31-week period 





Population size Production 





re entra Period mg wet wt./week Total mg wet wt./week 
PW 20 weeks 548.0+16.5 2989 149.6+12.0 
Feb.-July 1957 
PW-A (open) 26 weeks 472.6+17.6 3899 150.0+11.2 
Aug. 1957-Feb. 1958 
PW-B (closed) same as above 503.2+14.5 4094 157.5+12.3 





weeks, wild-type males from various sources were added to PW-A. No additions 
were made to PW-B. The males were added to PW-A one at a time, usually each 
time the population was opened for weighing and counting. For the first six 
weeks, four males per week were added; from the seventh through the 31st weeks, 
five males per week were added. In order of addition, the number and source of 
the males was: Olivette, St. Louis County, Missouri (flies came directly from 
nature) 57; scarletoid net (laboratory mutants) 8; C1S1-A (see previous section ) 
2; Springfield, Ohio (directly from nature) 60; Webster Groves, Missouri 


(directly from nature) 22. 

Over the 26-week period that the introductions were made into PW-A, popu- 
lation size and production were measured (Table 8). The differences between 
the means are not significant (e.g. population size of PW-B vs. PW-A gives a t 
value of 1.342; P= 0.5 to 0.10). Thus it is apparent that the introduction of 
foreign flies has not been associated with a corresponding increase in population 
size. 

Gene arrangement frequencies in the original PW population and in the repli- 
cates derived from it are shown in Table 7. It will be noted that whereas PW and 
the closed derivative from it. PW-B, have 100 percent 3R, PW-A shows 3R-1 in 
substantial frequency. This gene arrangement clearly was introduced into this 
population with some of the wild males. As in the previous experiment, experi- 
mental populations of D. robusta seem to be highly tenacious of chromosomal 
polymorphism. 

To summarize the facts: an experimental population with many gene arrange- 
ments from Plainwell. Michigan, is very similar in performance to populations 
from Steelville, Missouri. This performance is not altered by the introduction of 
a continual flow of males from different sources and geographical areas despite 
the fact that at least some of these introductions have been proved to be successful. 


Gene arrangement frequencies in closed populations 
under strong natural selection 


In July and August, 1957, collections were made at Bridgewater, Vermont, 
and Olivette, Missouri, respectively. The results of the analyses of the chromo- 
somes from the wild females are given in the first and fourth columns in the body 
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of Table 9. The Vermont sample shows typical marginal characteristics, as has 
been pointed out in Carson (1958a.b). The Olivette sample came from Olivette 
Woods (Carson 1958b) and shows, 11 years after the first study of this locality, 
the same equilibria which have been observed throughout the period of study. 
The only apparent difference is the high level of 2L relative to 2L-1. These two 
gene arrangements, however, have made noteworthy fluctuations in the past but 
have always returned later to intermediate levels. 

Immediately following capture of the wild flies, two Bridgewater (B-1 and B-2) 
and two Olivette (O-1 and O-2) populations were established. Each Bridgewater 
population was begun in August, 1957 using two females and two males from 
each of 48 F,’s from wild females. Thus a total of 192 founder flies were used 
for each replicate. The Olivette populations were also begun in August using 
two females and two males from each of 50 F,’s from wild females. A total of 200 
founder flies were thus used for each replicate. 

All four of these populations were maintained on a schedule identical to that 
described previously until equilibrium size of approximately 500 mg or more was 
achieved. At this point, in November of 1957, a new cycle of change was insti- 
tuted and measurements of size and production were abandoned. A new vial with 
food and 10 mg yeast was added only once a week; at the same time, collection 
of hatching flies was made from all vials which had previously been in contact 
with the population and these flies added to the adult population. Under these 


TABLE 9 


Gene arrangement frequencies (in percent) in samples from various natural populations of 
D. robusta and in experimental populations derived from them after 30 
generations of strong natural selection 





Bridgewater, Olivette, 
Vermont, Laboratory populations Missouri, 
F, from wild = F, from wild 


Laboratory populations 





Gene population B-1 B-2 population 0-1 0-2 
arrangement July 1957 May 1960 = Apr. 1960 Aug. 1957 May 1960 May 1960 
XL 2.9 31.3 48.6 99.5 100.0 100.0 
XL-1 97.1 68.7 51.4 
XL-2 0.5 
XR 95.4 100.0 100.0 40.3 53.3 36.7 
XR-1 56.0 46.7 63.3 
XR-2 4.6 3.7 
2L 26.1 18.6 30.9 70.8 31.9 50.6 
2L-1 8.9 35.1 53.0 21.3 57.5 22.8 
2L-2 6.9 10.0 21.5 
2L-3 65.0 46.4 16.0 0.9 
21-8 6.1 
2R 100.0 100.0 100.0 83.3 93.1 98.1 
3R 98.8 100.0 100.0 77.8 59.4 85.4 
3R-1 0.4 22.2 40.6 14.6 
3L-R 0.8 : ee eats = ihe 
yx 174 83 142 216 160 158 
Na 257 97 181 216 120 120 
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conditions, the equilibrium size of the population was reduced to approximately 
125 mg. This treatment was continued for approximately two and one half years, 
about 30 generations, after which time chromosome samples were taken by 
removing individuals or pairs of flies as they hatched under strong natural selec- 
tion and testing them for the presence of chromosome aberrations. The results 
of these tests are given in Table 9. 

There appears to be a tendency for loss of gene arrangements which were 
rather rare in the founders. Thus, XR-2 is lost from both Bridgewater and Olivette 
populations, 21-3 is lost from the Olivette populations and 3R-1 and 3L-R are lost 
from the Bridgewater populations. Polymorphism is nonetheless retained tena- 
ciously in a number of instances; the levels of polymorphism are in a number of 
cases different in the different replicates. 

Of particular interest is the appearance of a new gene arrangement, 2L-8, in 
population O-2, This arrangement appears to have arisen within this population 
and has achieved a frequency of around five percent. The new inversion is a very 
short one. Its distal break is near the base of the arm, in the middle of region 23A 
(Carson 1958b). This region consists of six bands and the break is between bands 
number three and four. The proximal break is in the heterochromatin, that is, 
its position is indistinguishable in the salivary gland chromosome from the 
position of the proximal breaks of 2L-2 and 2L-3. There is no evidence that the 
inversion is pericentric. Inversion 2L-8, furthermore, is associated with a gene 
arrangement which otherwise has the 2L-1 gene arrangement; it is probable, 
therefore, that it arose in and has remained associated with this arrangement. 


DISCUSSION 

The relatively high fitness of the Steelville and Plainwell populations under 
the test conditions appears to be correlated with the high degree of chromosomal 
polymorphism that they contain. In a discussion of this type of genetic adjust- 
ment, the writer (Carson 1959) suggested that this polymorphism may permit 
the populations concerned to exploit the environment through “heterotic buffer- 
ing”, that is, the supergene heterozygotes are more fit than homozygotes because 
of their better general performance in all niches of the environment and all 
phases of the life of the individual. This interpretation applies particularly to 
large central rather than small marginal populations. The latter are considered 
to be inbred, rather closely adapted to a limited number of niches, specialized 
genetically and relatively homozygous. Experimental populations of marginal 
origin (e.g. Chadron, Nebraska) perform less well under the test conditions than 
populations of central origin. 

When the relatively low-fitness marginal populations from Chadron, Nebraska 
were hybridized with the relatively high-fitness central populations from Steel- 
ville, Missouri, the resulting hybrid populations do not differ in relative fitness 
from the parental Steelville populations. In other words, heterosis is not observed 
on the populational level. A like result is obtained when attempts are made to 
improve the Plainwell, Michigan, population by opening it to a continual inflow 


of new genetic material. 
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The proposal may be made that in the two instances mentioned above the 
populations of central origin are already carrying a high degree of heterozygous 
balance and may be very nearly saturated in the sense that little improvement 
by increasing the amount of heterotic buffering is possible. The fact that further 
polymorphism is nonetheless accepted in chromosome X (for the Chadron- 
Steelville hybrid populations) and chromosome 3 (for the open Plainwell popu- 
lation) while no further increase in population size or production is observed 
may be explained as follows. We may assume that saturation is not complete 
but that the increment of change in population fitness is so small as not to be 
detectable under these circumstances and by the method used. Evidence for 
“saturation” of a heterotic system was presented by Carson (1961) who showed 
that several populations of D. melanogaster, which were carrying considerable 
polymorphism would not readily accept more. 

The Steelville populations ultimately were derived from a single pair of wild 
flies whereas the Plainwell populations were established from 18 pairs. This 
difference in genetic background, however, does not appear to affect the final 
performance of these two types of populations. They are almost identical in this 
regard. It is suggested that the considerable heterozygosity carried by the original 
pair of wild Steelville flies is correlated with the high performance of the popula- 
tions derived from it. This may be regarded as indicative of the great storage 
capacity of the heterozygous karyotypes found in central populations. 

Most of the gene arrangements present in experimental populations of D. 
robusta which are polymorphic are retained for long periods, perhaps indefinitely. 
This is true also of the Bridgewater and Olivette populations which were carried 
for about 30 generations under very severe selection. This persistence is con- 
sidered to be due to the large role played by the heterotic buffering system of the 
organism which suddenly finds itself facing an uniquely new environment such 
as that provided by the experimenter in the laboratory. The data nevertheless 
show that in a number of instances gene arrangements which were originally 
rare in the sample when it was taken from nature are lost from the experimental 
populations derived from these samples. This may be due to the relatively small 
size of the experimental populations. This should permit chance fixation in the 
population by random drift of those gene sequences which have homozygotes 
which are very close in selective value to the pertinent heterozygote. The large 
size of natural populations would be expected to prevent such fixation in central 
populations. XL-2, XR-2 and 2L-3, for instance, have been present in the Olivette, 
Missouri, population for 11 consecutive years at frequencies which often fall 
below one percent, yet are consistently encountered in population samples (Car- 
son 1958b). Experimental populations established from this area, however, show 
loss of these “rare” arrangements. 

The case where a new arrangement arose in an experimental population and 
increased in frequency therein requires comment. The small inversion involved 


was at the base of the second chromosome; specifically, the change occurred in 
arrangement 21-1. This latter arrangement existed in the population in high 
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frequency, apparently balanced there by heterosis, at the time of the occurrence 
of the new inversion. Because of the well-known suppressive effects of inversions 
on crossing over in D. robusta (Carson 1953; Levrran 1955) separation of this 
new inversion from the arrangement in which it arose would be expected to be 
rare and was, in fact, not observed. 

The selective relationships between the various gene arrangements in this 
chromosome arm would be expected to be complex, as the addition of the new 
arrangement raises the number of coexisting gene arrangements to four and the 
number of competing karyotypes for this arm to ten, four homozygotes and six 
heterozygotes. This new gene arrangement could have increased in frequency 
either because it conferred some selective advantage on those individuals carry- 
ing it or because its increase was largely fortuitous due, at least partly, to linkage 
with a gene arrangement already participating in a major heterotic association. 
This latter possibility is further increased by the fact that the population was 
small throughout the experiment. In a more extensive analysis of a similar case 
SpeRLICH (1959) demonstrated that a new X-ray-induced inversion in D. sub- 
obscura behaved in a heterotic manner in three different population cages in 
which it was tested with different alternative sequences. In the absence of similar 
tests, no decision can be made concerning this new aberration in D. robusta. 

There appears to be no general and progressive tendency for decrease in chro- 
mosomal polymorphism in the relatively uniform environment in which these 
laboratory populations were maintained. In these long-term experiments, and 
in previous ones (Leviran 1951; Carson 1958b) the reduction of variability 
observed by Lewontin (1958) was not observed. The writer feels that in D. 
robusta the sectional heterozygotes have some general physiological homeostasis 
which provides for heterotic buffering even in the relatively, but by no means 
absolutely, uniform conditions under which the populations are reared. LEwon- 
TIN’s hypothesis that polymorphism should be lost in a uniform environment, 
furthermore, would appear to hold only if each heterozygote is specially adapted 
in nature to some slightly different environmental variable which is not recapitu- 


lated in the laboratory conditions. 
SUMMARY 


1. Laboratory populations of Drosophila robusta have been maintained under 
continual strong natural selection with carefully controlled conditions of food 
and space in such a way as to provide an opportunity for weekly measurement 
of population size (weight and number of adult individuals) and production 


(weight and number of individuals hatched). 
». Experimental populations derived from the center of the species range tend 


to remain highly polymorphic for gene arrangement throughout the experiments. 
Their performance is better than structurally homozygous lines derived from 


marginal sites. 

3. Populations derived from hybridization of marginal and central populations 
do not surpass the performance of the parental populations of central origin. They 
nevertheless retain much polymorphism, some of which is intergeographic. 
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4. Experimental populations kept genetically open by continual additions of 
foreign flies did not detectably surpass those to which no additions were made, 
although it was proved that at least one intergeographic polymorphism was added 
under natural selection. 

5. These facts suggest that, within the limits of the sensitivity of the method 
for measuring population fitness, the original (central) polymorphic populations 
are close to saturation and cannot, at least under the conditions of population size 
obtaining in the experiments, be significantly improved by the addition of further 
polymorphism. 

6. Experimental populations derived from one pair of flies from the center of 
the range and populations derived from many pairs of flies both showed a high 
degree of performance and were not different from one another. This suggests 
a high storage capacity in karyotypes from central populations. 

7. Populations under extreme adverse conditions, wherein the food was very 
closely limited and population size remained small, nevertheless retain their 
polymorphism tenaciously over many generations. The frequencies of the various 
arrangements, however, achieve equilibria different from the wild populations 
from which they came. In some instances, furthermore, they are different from 
each other. 

8. A new inversion arose within one population and under natural selection 
rose to a frequency of about five percent. It is suggested that this new aberration 
may be quasi-neutral and may have been carried along because it is closely linked 
to a gene arrangement which exists in the population in balanced condition. 

9. These findings generally provide support for the hypothesis that chromo- 
somal polymorphism, as found in central populations, provides heterozygotes 
which are superior to their corresponding homozygotes in all facies of the environ- 
ment, that is, show heterotic buffering. In contrast to this, marginal populations 
appear to be rather more narrowly specialized and exploit the environment 
through fixation of genes or gene combinations in the homozygous state. 
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ENETIC analysis implying mutable alleles of the gene V to account for 

flower color variegation in a Nicotiana culture has been presented by SmirH 
and Sanp (1957). These plants also contain stable genes for flower color and 
have been found useful for the study of interaction between environmental 
factors and genetic systems of varying stability (Sanp 1957; SAND, SPARROW and 
SmiTH 1960). The goal has been to elucidate differences and similarities between 
mutable and stable gene systems. 

Data are presented here for both somatic and germinal effects due to flower 
node position on a mutable allele of the V gene and on the stable R gene in a clone 
of Nicotiana. Results for flowers from various node positions are not homogeneous, 
but vary according to a pattern that is related to the sequence of node positions 
on the main flowering axis. It is inferred that metabolic changes associated with 
development of the branch, and correlated with growth rate, influence the muta- 
tion rates of both the stable and the mutable genes. This work has been sum- 


marized previously (SANp 1960). 


MATERIALS AND METHODS 


Nicotiana clone $5230-5, selected from cultures of interspecific hybrid origin, 
was employed here as used previously in studies of temperature and chronic 
gamma irradiation effects on mutation. Flowers of this clone are illustrated and 
detailed procedures appear in the earlier papers, cited above. Only general 
methods and limited details will be outlined here. 

Replicated cuttings of the clone were grown in sand culture with a standard 
nutrient solution. Banks of fluorescent lights were operated to provide a 14-hour 
day, and the room temperature was automatically controlled at 68°F + 2 

The clone is heterozygous for the mutable V gene (vs,/v,) and for the stable 
R gene (R/r), which affect flower color. The somatic effect on a mutable gene 
system was compared with a stable gene system in the same tissue by counting 
speckled sectors (changes from vx, to vs phenotype) and purple sectors (changes 
from R to r phenotype) on flowers from successive nodes of the main flowering 
axis of each plant. Similarly, germinal effects on the same gene systems were 
studied by counting speckled and purple individuals in progeny obtained by 
self-pollinating flowers at selected node positions. 

Figure 1 presents graphically the somatic response obtained for sector fre- 
quency as a function of node position. The 222 scored flowers came from 24 
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RESULTS 
SECTOR FREQUENCY VERSUS NODE POSITION 
NICOTIANA CLONE $5230-5 
48+ 222 FLOWERS SCORED ‘ 
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16+ 
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8+ 
fc) + + + + + + t -+- 
° 2 4 6 8 10 12 14 16 
FLOWER NODE POSITION . 


Ficure 1.—Response curves showing the frequencies of somatic sectors on flowers from 
successive node positions. Purple sectors (associated with the stable locus R) are about 300 times 
less fr2quent, but respond in a pattern similar to that for speckled sectors (associated with the 


mutable locus V). 


different flowering branches and cover a total range of node positions from one 
to 21. Data for all members of the clone were pooled within node position groups. 
Each point plotted represents an average for 16 or more flowers. The purple 
sector frequency has been graphed on a scale 100 times larger than that for 
speckled sectors. Actually, purple sectors are nearly 300 times less frequent than 
speckled sectors, providing a phenotypic basis for designating R as a stable gene 
and vs, as mutable. The average somatic sectoring rates for both the mutable 
and stable genes vary with node position in a manner that suggests direct corre- 
lation with the natural change in rate of growth of the flowering branch. Sector 
frequencies at mid-branch are about twice as high as for proximal and distal 


nodes. 

Table 1 summarizes an analysis of variance of the speckled-sector sums for 
flowers pooled in three node-position groups: low (nodes 1—6), middle (nodes 
7-12), and high (nodes 13-21). The average sector frequency for the low nodes 
(32) is not significantly different from that for the high nodes (35). However, 
the average sector frequency for the middle nodes (43) is significantly greater 
than the average for the other two nodal groups. 
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TABLE 1 


Analysis of variance of speckled-sector sums for flowers from low, 
middle and high node positions 





Source df Sum of squares Mean square 
, Among 3 node positions 2 5,774 2,887** 
(Low + high) vs. mid nodes 1 5,572 5,572** 
Low vs. high nodes 1 202 202 n.s 
Error (within node positions ) 219 85,100 389 
Total (C.F.M.) 221 90,874 





n.s. Not significant at 5 percent level. 

* Significant at 1 percent level 

A similar analysis of purple-sector sums fails to show statistically significant 
differences among the three groups of pooled node positions. The difficulty lies 
in the extremely low frequency with which purple sectoring occurs. The 222 
flowers scored were an adequate sample for speckled sectoring (7,984 total sectors 
counted), but were an inadequate sample for purple sectoring (27 total sectors 
counted). Nevertheless, the purple-sector data are not random in distribution, 
but instead show a pattern of variation with node position similar to that for 
speckled sectors. The averages for low, middle, and high node groups are respec- 
tively 0.11, 0.16, and 0.05 purple sectors per flower. 

Progeny segregation was tested by growing plants from self-pollinated seed 
produced at selected node positions on five members of the clone. This seed was 
pooled within each of 14 node position groups, distributed from six percent to 
96 percent of the total nodal range. The 14 corresponding families containing 
1192 individuals were scored for their frequencies of speckled and purple progeny. 
Table 2 summarizes an analysis of variance for these data obtained after grouping 
the 14 families into three categories representing low, middle and high node 
positions. It can be seen that the interaction between node position and progeny 
type is highly significant. Apparently the node position response for speckled 
progeny is different from the node position response for purple progeny. The 
pattern of this interaction is shown in Figure 2. For the frequency of speckled 


TABLE 2 


Analysis of variance of frequency of speckled and purple progeny from low, 
middle and high node positions 





Source d.f. Sum of squares Mean square 
Among 3 node positions 2 62.7 31 ms. 
Speckled vs. purple progeny 1 558.0 556** 
Node position progeny 2 283.8 142** 
Error 22 332.6 15 
27 1,237.1 


Total (C.F.M.) 





** Significant at 1 percent level 
n.s. Not significant at 5 percent level. 
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Ficure 2.—Response curves showing influence due to node position of self-pollinated flowers of 
the heterozygous parental clone upon the progeny segregations obtained. The frequencies of 
recessive progeny (speckled and purple) vary inversely for the mutable locus V and the stable 


locus R. 


progeny an effect due to node position of about ten percent is indicated, with the 
minimum observed in families from mid-branch pollinations. However, mid- 
branch pollinations give the maximum purple progeny frequencies. 


DISCUSSION 


On the basis of an analysis for the bicolor gourds, Su1rriss (1955) has proposed 
a model in which genetic instability conditions developmentally precocious 
physiological events. These physiological events are prerequisite to extreme 
fluctuations in phenotype superposed by other genetic and environmental vari- 
ations. It would follow that part of the normal stable genetic system functions 
as a buffer against certain potential causes of phenotypic variability external to 
itself. Such buffering mechanisms are interactions having possible significance 
for the control of development. Wuyrer (1960) has called attention to the theo- 
retical necessity in evolution for developmental selection of genes, where the 
selective criterion is internal organizational efficiency. One view of mutable genes 
would consider them normal genetic entities reacting abnormally because of a 
disorganized relationship with other parts of the chromosomal or cellular system. 
Mutable gene phenomena would thus represent the failure of integration proc- 
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esses normal to organisms, illustrating the existence of interaction systems made 
readily observable by partial loss of their coordination (SaNnp, SPARROW and 
SmirH 1960). 

With such sensitized genetic systems it is then possible to demonstrate the 
influence of other factors including internal environment upon expression and 
reproduction of the system. For example, van ScHarK (1955) has reported studies 
on the variegated pericarp allele in corn for which a correlation of metabolic 
vigor with mutation rate seems the best integrating principle for both environ- 
mental and hybrid effects that were observed. Also for variegated pericarp in 
maize, ANDERSON and Eyster (1928) found an increased rate of mutation as 
ontogeny of the ear shoot and kernel proceeds. In addition, Lewis (1953) detected 
a higher frequency of rogue tomatoes among plants produced by seed from the 
third and fourth inflorescence in comparison with the first and second inflores- 
cence. The present studies with Nicotiana confirm this type of phenomenon and 
extend it to show relation between mutable gene response and flower node position 
throughout the grand period of growth of the branch. The inverse pattern of 
somatic and germinal response in this case suggests not merely an effect of tissue 
environment on response, but also a dramatic effect on the direction of the 
response. 

Ocur. Ocur and Sr. Joun (1960) offer a model of differential temperature 
effect upon cell division versus particle division to interpret the temperature 
dependence of mutation rate to respiration deficiency in Saccharomyces. Lower 
relative rates of particle reproduction at low and at high temperatures increase 
the probability of particle loss and thus increase the rate of mutation. The 
possibility exists in other systems for alteration of chromosomal differentiations 
or alteration of the statistical probability of exact genic reproduction by meta- 
bolic conditions related to growth and development. That reactions affecting 
heritable alterations in genetic material are not independent of normal physiolog- 
ical cycles is also indicated by work of OrroLENGHI and Horcukiss (1960), who 
have found that the rate of genetic transformation in mixed Pneumococcal cul- 
tures is related to the stage of growth of the culture. 

Brink (1960) has summarized a portion of his discussion as follows: “Differ- 
ential sensitivity to heritable change in varying cellular environments must be 
considered one of the characteristic features of unstable loci.’”” However, there are 
indications that this feature is not limited to unstable loci, but may characterize 
stable loci as well, although to a lesser degree. The somatic response to node 
position for the stable R locus in Nicotiana is parallel to the somatic response 
shown by the unstable V locus. The progeny segregation responses to node 
position are inverse for the two loci, but heritable response to cellular environ- 
ment is indicated, nevertheless, for both genes. The evident specific differences 
are of a sort required by a model accounting for differential activity of genes in 
part as differential response to developmental stimuli. It is suggested that re- 
sponses of unstable loci give clues to mechanisms also operative for stable loci 
and pertaining to interactions significant for differentiation and development. 
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SUMMARY 


Data are presented for somatic and germinal effects due to flower node position 
on a mutable allele of the V gene and on the stable R gene both of which affect 
flower color in a clone of Nicotiana. Replicated cuttings of the heterozygous clone 
(Vs;/Vs, R/r) were grown in sand culture under conditions of controlled temper- 
ature and light. The somatic effect on a mutable gene system was compared with 
a stable gene system in the same tissue by counting speckled sectors (changes 
from vs, to vs phenotype) and purple sectors (changes from R to r phenotype) on 
flowers from successive nodes of the main flowering axis. Germinal effects on the 
same gene systems were studied by counting speckled and purple individuals in 
progeny obtained by self-pollinating flowers at selected node positions. 

At mid-branch nodes somatic sectoring rates for both the mutable and stable 
genes are about twice as high as for proximal and distal nodes. In progeny segre- 
gation both genes also respond to node position, but in an inverse pattern: families 
from mid-branch pollinations give the minimum frequency of speckled progeny 
but the maximum frequency of purple progeny. It is concluded that stable genetic 
loci, as well as unstable loci, may exhibit differential sensitivity to heritable 


change in varying metabolic or cellular environments. 
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a a HE platyfish. Xiphophorus maculatus, exhibits two types of sex-determining 
mechanisms: the male is heterogametic (XX female, XY male) in those from 
Mexico. while the female is heterogametic (WY female, YY male) in those from 
British Honduras and in most domesticated strains (Gorpon 1951). A few 
instances of spontaneous sex reversal (an individual who is functionally one sex, 
but genotypically the other) have been reported in this well-studied laboratory 
fish, most of them in domesticated stocks of unknown ancestry which have been 
bred by hobbyists or dealers. Such stocks usually include interracial or inter- 
specific hybrids and are thus of questionable value in studies of sex determination. 
Most reported instances have been single exceptions in otherwise normal broods. 
The instances of sex reversal described in this paper are of interest in that two 
well-studied strains of known wild ancestry that had been maintained by inbreed- 
ing in this laboratory for many years produced a number of sex reversals within 
a period of one and one half years. All the exceptional fish were females that 
were genotypic males, which is the opposite from other reported sex reversals 

in this species. 

Background of strains 163A and 163B 


Strains 163A and 163B are derived from a collection of X. maculatus from the 
Rio Jamapa in Mexico made in 1939. Strain 163 was inbred by brother-sister 
matings for six generations, then separated into two strains: strain A, which 
carries the Sd (spotted dorsal) gene on the X chromosome and the Sr (striped 
side) gene on the Y chromosome; and strain B, which carries the Sp (spotted side ) 
gene on the X chromosome and the Sr gene on the Y chromosome. These genes 
are part of a multiple allelic series of dominant sex-linked genes controlling 
macromelanophore pigment patterns (Gorpon 1951). At present, strain 163A 
has been inbred for 19 and strain 163B for 17 generations. Good evidence for their 
genetic homozygosity is provided by the fact that all tissue transplants among 
strain 163 fish are accepted (KALLMAN 1960, personal communication). In strain 
163A. all females are XggXxq and the males XxaYx,. In strain 163B, the females 
are Xs,Xs, and the males Xx,Ysgr. 

Each of these strains is maintained, under conditions described by Gorpon 


1 This work was supported by a grant, C-4945, from the National Cancer Institute to Dr. 
Syiv1a GREENBERG and was aided by the laboratory facilities of the American Museum of Natural 


History, New York 24, New York. 
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(1950), in two rooms at the Genetics Laboratory. Several crosses may be made 
in each generation. but only one pair of siblings of each generation is chosen to 
carry on the inbred line. 


Occurrence of sex reversals 


Among the fish of strains 163A and 163B born in one of the rooms during the 
fall of 1958, several females with the genotypic constitution of males were ob- 
served (Table 1). A brood of the 12th inbred generation of 163B consisted en- 


TABLE 1 


Occurrence of sex-reversed XY females in strains 163B and 163A 





Offspring 











Parents , Pedigree Date toh Rah. Xup¥ or 9 
Female Male number born 9° id sex-rey 
163B"-1(X,,X,,)*  163B-11(X,y,Yy,)  163B%2a_ 8/5/58 8 7 0 
163B"-1(X,_Xq,,) 163B-11(X,,Yc,) 163B%2a_ 8/26/58 5s 0 
163B"-2(X,X,,) 163B'-11(X,,Y.,)  163B%%b 8/13/58 11s 9 
XsaXsa XgaYsr Xsa¥s, 
°° id sex-rev. 
163A131 (X,jX<q) 163A1311(X,.4Yx,)  163AMa 10/17/58 5 2 8 
163A1°_1 (XX cq) 163A111(X.,Ye,)  163A1%a 2/1/60 9 7 0 
163A11 (X,,X<,) 163A1°11(X,,Y<,)  163A1%a 3/1/60 9 3 
163A1°_2(X,,X,,) 163A111(X,,Y<,)  163A17b 2/23/60 4 4 5 
163A1_2(X,,X.,) 163A111(X,.,Yx,)  163A17b 5/20/60 3 6 0 
163A_2(X..X<4) 163A™11(X,.,Yx,)  163A%7b 6/17/60 10 6 0 
* The superscript number refers to the number of the inbred generation. The number following the hypen refers to an 
individual member of the pedigree 


tirely of females, viz. 11 Sp and nine SpSr. Two other broods produced by the 
same male with a different female were normal. In a 163A" brood, eight excep- 
tional SdSr females were produced, in addition to five normal females and two 
normal males. These were the only broods of strains 163A and 163B raised in that 
room that fall. 

Several normal broods of both strains were subsequently raised. Then, in the 
spring of 1960, a brood of 163A of the 17th inbred generation was found to con- 
tain five exceptional females in addition to four normal females and four normal 
males (Table 1). Two broods from the same parents born later that spring were 
normal. In two 163A" broods produced by the same male with a different female, 
one exceptional female and 18 normal females and ten normal males were pro- 
duced. Forty-two 163B" fish raised at the same time in adjacent tanks were 


normal. 

No sex reversals were found among the very closely related fish of strains 
163A and 163B raised in an adjoining room during the same period. As far as 
known, the only difference between conditions in the two rooms is that the latter 


has glass rather than plastic skylights. 


D 
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Matings of sex-reversed females 


The 163A" and 163B" exceptional females, all of which were maintained alive 
to old age, had the external appearance of normal females; the gonads of two 
that were sectioned were normal ovaries; and all that were exposed to males 
(about one half) produced young. The 127 offspring of three of the XsaYs, 
females, mated to normal Xx,Yx, males, are classified in Table 2. The results 


TABLE 2 


Offspring of sex-reversed XY females mated to normal XY males 











Offspring 
ps a a a oe 
Female Male number 29 id ry Lt 
163A14-1 » )* 163B12-11 (XgpY5,) 935a 8 16 11 10 
163A-2(X.4Yx,)  163B12-11(X,,Yg,) 935b 6 10 11 14 
163A4-3(X.4Yx,)  163B"2-12(X,, Yg,) 939 8 15 10 8 
22 41 32 32 





* The superscript number refers to the number of the inbred generation. The number following the hyphen refers to an 


individual member of the pedigree 


conform statistically to a 1:1:1:1 ratio of SpSd females, SpSr males, SdSr males, 
and SrSr males. As each sex chromosome involved in these matings was marked 
by a macromelanophore gene, it can be seen that the XX offspring are females 
and the XY and YY offspring males. Thus, there is a return to the usual sex- 
determining mechanism. 

Crossing over of macromelanophore genes from one sex chromosome to the 
other occurs occasionally in X. maculatus (Gorpon 1951). If the exceptional 
fish had been the result of crossing over, the SpSr offspring would have been 
females. 

The exceptional 163A" females also looked and behaved like normal females; 


offspring from matings of these females are being raised. 
Inheritance of shoulder-spot pattern 


The shoulder-spot pattern consists of one or two round black areas dorsal to the 
pectoral fin. formed by a very dense accumulation of micromelanophores in the 
dermis (Figure 1). It occurs in some individuals in various strains of X. macu- 
latus. Its inheritance appears to be complex; only in the inbred strains 163A and 
163B has it been found to follow a definite pattern of occurrence. In these strains 
it normally occurs in all the females but in none of the males. In the crosses 
involving sex-reversed fish, the shoulder-spot pattern did not appear in XY 
females. Thus, the appearance of the pattern in these strains appears not to be 
dependent upon female hormones, but rather upon either the presence of two 
X chromosomes or the absence of a Y chromosome. Moreover, females treated 
from birth with methyl] testosterone showed no diminution of the shoulder-spot 


pattern. 
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Ficure 1.—Strain 163A female, showing the Sp (spotted-side) macromelanophore pattern and 
the shoulder-snct micromelanophore pattern (the round, black area dorsal to the pectoral fin). 


DISCUSSION 


Among the tens of thousands of X. maculatus, belonging to many wild and 
domesticated strains, that have been raised in this laboratory since 1939, only 
two instances of sex reversal have previously been observed: (1) one wild XX 
male, whose prematurely sterile testis showed various abnormalities (GoRDON 
1947; Gorpon and Aronowirz 1951); and (2) two XX males of the domesti- 
cated BH strain (BAkER-CoHEN, unpublished data). 

Brewer (1942) described an exceptional WY male in a domesticated platyfish 
stock. BeLtamy and Queat (1951) described the rare occurrence in their labora- 
tory of WY males of domesticated stock. GkTray (1959) found an exceptional XX 
male among the cffspring of a cross of an XX female, which belonged to strain 
163, with an XY male, which was a hybrid (strain 163 < a domesticated strain). 
By inbreeding this male and its offspring, a large number of XX males were 
produced, Oxray (1959) also described two WY males in the same domesticated 
strain. 

In the medaka, Oryzias latipes, Aina (1936) described several XX males and 
two XY females; by inbreeeding the former the proportion of XX males was 
increased. YAMAMOTO (1955, 1959) reperted the rare spontaneous occurrence of 
some XY female medakas. In the guppy, Lebistes reticulatus, WincE (1930, 
1934) found a few XX males and by inbreeding eventually produced large 
numbers of XX males, He also (1934) reported an XY female. 

It has generally been postulated that these cases of sex reversal were the result 
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of genic imbalance, which arose from an accumulation of feminine or masculine 
genes in the autosomes (W1NGE 1934; YamMamoro 1959; Oxray 1959), a “fluctu- 
ating potency” of the sex chromosomes (Arpa 1936), or a fortuitous combination 
of genes on the sex chromosomes and autosomes (GorDON and AroNow!Tz 1951). 
Wince (1934) and Arpa (1936) also suggested that sex determination may be 
influenced in the male direction in the summer. 

In the present instances, several factors should be noted. The species and strains 
involved were well established as to their stability in sex determination. A num- 
ber of sex reversals suddenly appeared, but only in certain broods and usually 
not in all fish in a brood. Some time later, several additional cases appeared in 
the same strains; these were not direct descendents of the previous fish. All 
reversals were in the female direction; the females appeared to be morphologi- 
cally and functionally normal. The sex of their offspring followed the normal 
pattern. No sex reversals were found among the closely related fish of these 
strains raised at the same time in another room. 

An explanation of the above may be that in these strains, due to inbreeding. 
the male-tendency and female-tendency genes have become quite closely bal- 
anced, thus making certain individuals susceptible to the influence of exogenous 
factors. Or this phenomenon may be a reflection of the poorly canalized develop- 
ment and increased environmental variability often found in inbred organisms 
(LERNER 1954). 

What exogenous factors may be involved is yet unknown, but the season of 
the year is apparently unimportant. Any such factor would have to act on the 
fish before birth, since, in this species, sex is definitely determined by birth and 
can not then be transformed, even by the administration of sex hormones 
(Tavotca 1949). The medaka, on the other hand, differentiates sexually after 
birth, and Yamamoro (1953, 1955. 1958, 1959) has successfully raised numbers 
of males and females that had been sex-reversed by treatment with sex hormones. 


SUMMARY 


Sex reversals are rare in the platyfish, Xiphophorus maculatus. However, 23 
sex reversals, which were phenotypic females but genotypic males, appeared 
spontaneously within a period of one and one half years in two closely related, 
inbred strains which had shown, since their collection in 1939, a stable XX- 
female, XY-male sex-determining mechanism. When mated to XY males, the 
sex-reversed females produced XX females and XY and YY males. 
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DEVELOPMENTAL GENETICS AND LETHAL FACTORS 

By Ernst Hadorn, University of Ziirich. Lethal factors occupy a special position 
in biological research. Since a high proportion of the mutations in all organisms 
are lethals, they contribute a large body of material which needs to be incorporated 
into any general theory of the gene and its mutability. While Mendelian lethal 
factors demonstrate the role played by the genetic material of the chromosomes. 
each newly arisen lethal mutant sets up a highly specific experiment, showing the 
functional relationships between individual mutational states and the processes 
leading to the formation of characters. The explicit purpose of this book, then, is 
to provide a contribution to the general and special pathology of development, 
based on an intensive study of lethal factors. and should provide a better under- 
standing of the gene physiological basis of normal development. 1961. 355 pages. 
$8.50. 
MICROBIAL CELL WALLS 

By Milton R. J. Salton, University of Manchester, Great Britain. This book 
makes available the 1960 CIBA Lectures in Microbial Biochemistry presented at 
the Institute of Microbiology, Rutgers University. 1961. 94 pages. $3.50. 
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INFORMATION FOR CONTRIBUTORS 


(Authors should read New Policies. Genetics 45:7-9, 1960 for details) 

GENETICs accepts original contributions in genetics proper, or in any scientific 
field of primary genetic interest. 

Ordinarily, manuscripts will appear in print in the order they were received, 
but Short and Long papers will be processed on different printing schedules with 
the short papers appearing at an accelerated rate. Short papers can be no longer 
than four printed pages; they must conform to the standards and follow the form 
required for regular papers. Long papers will be limited to 20 printed pages. A 
paper longer than 20 pages will be published only by special vote of the Editorial 
Board and the author will be expected to bear the costs of the additional pages. 

An author must submit to the Editors two copies of a manuscript, typewritten 
with double spacing throughout. All manuscripts must conform to the general 
usage in GENETICs particularly in regard to references to literature, arrangement 
of “Literature Cited” and inclusion of a “Summary”. A symbol (gene, for ex- 
ample) should be defined or identified the first time it is used. Excessive footnotes 
should be avoided. Footnotes to text statements, if necessary, can usually be 
included in the text parenthetically. Tables must be typewritten on separate 
pages with double spacing throughout, arranged to journal page size (5 X 7%), 
and in a form acceptable to the journal and suitable for the printer to set. (See 
New Policies, Genetics 45:7—9, 1960.) Legends for figures and plates are to be 
typewritten, double spaced, on separate pages. Material for figures should be 
original drawings (clear photographs usually are satisfactory for line drawings) 
and should be of a size permitting slight reduction for the printed page. Illustra- 
tions should be mounted in final form for engraving. Photographs and drawings 
substantially larger than a typewritten page are likely to be damaged in the 
mail and should not be sent. Reviewing of manuscripts is facilitated if additional 
photographic copies of figures are sent. Chemical structural formulas, complex 
mating-type charts, and other sketches must be in form that can be photographed. 
(Clear photographs are acceptable.) Complex mathematical formulas are pre- 
ferred in the form of reproducible photographs; otherwise they must be type- 
written. (See GeNEeTIcs 45:7-9, 1960.) 

The manuscript of a published paper will not be returned unless the author 
so requests. 

Galley proof will be sent to authors; page proof will not be sent. Authors 
should leave forwarding directions, if necessary, or should make other arrange- 
ments to have the galley proof corrected promptly. Send corrected proof to the 
Editors. 

Reprints are to be ordered directly from the Editors at the time galley proof is 
returned. The author will be billed in accordance with a schedule of charges 
appearing on the reprint order blank. Copies of the schedule are sent to the author 
along with galley proof. 

The Galton and Mendel Memorial Fund established in 1923 from donations 
of biologists and other persons interested in the progress of biological discovery 
is available to be applied toward the cost of reproducing illustrations and of 
printing expensive tables and formulas. 

Manuscripts and correspondence should be addressed to the Editors of 
Genetics, Experimental Science Building 122, University of Texas, Austin 12, 


Texas. 
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